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1. I N T R O D U C T I O N 
1.1. GENERAL INTRODUCTION 
A man in a moderately warm and dry environment sweats in 
order to lose a required amount of calories provided that the 
sweat producing mechanism can meet the demands. For example 
at a work load of 7.0 kcal/min in an ambient temperature such 
that the heat loss by radiation, convection and conduction, i.e. 
the non-evaporative heat exchange, is 2.0 kcal/min, the man sweats 
after a certain time lag in order to dissipate 5.0 kcal/min. This 
maintenance of thermal equilibrium is, as GLASER and N E W U N Q 
(1957) pointed out, the fundamental property of temperature 
control in man. This is, however, a truism, since it only means 
that the first law of thermodynamics, known in this field of physi­
ology as the heat balance equation, is valid when applied to a 
temperature controlled system ; a thermostatically controlled water 
bath also shows a perfectly maintained thermal balance, albeit 
usually with an on-off type of control. The observation of a heat 
balance does not give any information as to how and on what input 
the control mechanism acts, it only states that the control mechanism 
works properly. 
The problems of thermoregulation in humans arise in the search 
for the appropriate incoming signal of the regulatory mechanism. 
Many investigators agree that there is some interaction between 
internal (rectal, esophageal, tympanic) and superficial (skin) 
temperatures as the driving force for thermal sweating. Great 
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controversy exists, however, as to the problem how this interaction 
takes place. Those investigators who base their conclusions largely 
on steady state or quasi steady state observations, find a type of 
interaction first proposed by ROBINSON (1949), a more or less 
straight line relationship between internal temperature (on the 
abscissa) and sweating rate (on the ordinate) at a high mean skin 
temperature, this relation being shifted to the right at lower mean 
skin temperatures. ROBINSON, and also NIELSEN and NIELSEN ( 1965) 
find nearly straight lines, BENZINGER et al. (1963) slightly curved 
lines, WYNDHAM (1965) a highly non-linear curve (saturation of 
the control system) with smaller inclinations when shifted to the 
right. BENZINGER rejects a shift to the left at skin temperatures 
higher than 33° C, whereas WYNDHAM demonstrates such a shift. 
These investigators agree that internal temperature is mainly 
determined by the metabolic rate and is independent over a wide 
range of ambient temperatures, and that mean skin temperature 
is mainly determined by ambient conditions and largely independent 
of metabolic and/or sweating rate (NIELSEN 1938). Other investi-
gators who measure fast responses point out that the above 
mentioned type of interaction cannot account for peripheral 
reflex sweating. BREBNER and McK. KERSLAKE (1961) demonstrate 
that the forearm sweating rate follows the cycles of cyclic radiant 
heating of the trunk with a delay of not more than 1.6 sec. In his 
extensive review of the present state of knowledge in this field 
VAN BEAUMONT (1965) demonstrates a delay of not more than 
1.5 sec after starting exercise. GAGGE (1964) confirms the rapid 
response of the sudomotor system to radiant heat ; this response is 
even approximately quantitative: a gain of 130 kcal/m2-h was 
counteracted by an increase in evaporation of 100 kcal/m2-h within 
two min. The associated rise in skin temperature was just over 
2° C, accounting for an additional heat loss of perhaps some 
15 kcal/m2<h. A similar quantitative relationship between heat 
gain and heat loss is demonstrated in another field of thermo-
regulation, namely in vasomotor reflexes. COOPER et al. show a 
quantitative relationship between heat input by radiation (1956) 
or immersion of an arm in hot water (1964) and heat loss from 
the finger with astonishingly short delay times, both in febrile 
and afebrile patients, provided that the internal (oral) temperature 
is stable at the elevated level. 
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Possibly the best solution for the problems of the mode of 
interaction between internal and superficial temperatures is the 
one given by HARDY (1961); "it is a type of summation of the 
combined inputs from the(se) receptors all over the body surface 
and in other body tissues that finally determines the action of the 
temperature regulating system". According to this, other thermo-
receptors than those in the hypothalamus (NAKAYAMA, 1961; 
HARDY et al., 1964) and the skin, as has been demonstrated in 
the spinal cord (THAUER, 1962) and respiratory tract (BLIGH, 1957), 
can also play a role. I t agrees with VAN BEAUMONT'S statement 
that "the measurement of temperatures at other sites than rectum, 
tympanic membrane and epidermis warrants serious consideration". 
The present is an attempt to estimate the change in mean body 
temperature during different combinations of work and heat load, 
or in other words "the summation of the combined inputs from 
the receptors all over the body", from direct calorimetri cal measure-
ments, instead of the usual procedure of weighting skin and internal 
temperatures. I t seems worthwhile in many respects to combine 
calorimetry and thermometry, not only because this provides a 
necessary cross check, but also because it might shed new light 
on experimental facts which have so far not fitted into the concept 
of thermoregulation, such as: 
1.1.1. 
After a period of work and heat load the sweating rate drops 
very rapidly, in fact much faster than any internal temperature. 
Very few time constants are reported explicitly in the literature. 
From a graph published by NIELSEN and NIELSEN (1962) a time 
constant of 4.6 min can be estimated for deep esophageal temper-
ature. WENZEL (1964) reports a double exponential function for 
the decline of rectal temperature with time after exercise, where 
the time constants are 3.7 and 7.0 min, respectively. ROBINSON 
(1963) reports that sweating in man drops precipitously and as 
fast as the temperature of the blood in the femoral vein, while the 
muscle temperature lags behind. In his recent study (ROBINSON 
et al., 1965) quite a few graphs are given representing sweating 
rates and a number of usual temperatures and ones rarely investi-
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gated (such as muscle, saphenous and femoral vein temperatures) 
against time. 
1.1.2. 
SNELLEN (1960) demonstrated by means of the heat balance 
equation that external work in grade walking on the treadmill 
was identical with the caloric equivalent of body weight times 
gained height. A striking phenomenon, although not mentioned 
in that paper, can be seen in figure one of that study, namely that 
during one experiment, while gross metabolic rate, heat exchange 
by radiation and convection, body temperatures and environmental 
conditions were essentially unaltered, the sweating rate and in 
consequence (in this case) the heat loss by evaporation changed 
by exactly the same amount as the caloric equivalent of the 
external work. 
1.1.3. 
I t is known that during prolonged exercise in a hot environment 
without drinking the rectal temperature shows a small but constant 
rise after reaching the level corresponding to the metabolic rate 
(PITTS et ed., 1944). For the sake of demonstration such an experi-
ment has been repeated with the tools described in Chapter 2 
and this is shown in Fig. 1.1. The rectal temperature will reach 
a constant level only when the subject is allowed to drink (PITTS 
et al., 1944, MACPHERSON, 1960). Moreover, when the subject is 
hyperhydrated, the rectal temperature will reach a lower level than 
the one corresponding to the metabolic rate (MOROFF and BASS, 
1965). The divergence between sweating rate and body temperature, 
as shown in Fig. 1.1 cannot be explained by the current concept 
of thermoregulation. 
The problems mentioned above might all be covered by a model 
in which some temperature, which is, vaguely, a "summation of 
the combined inputs", is compared with a set point value, and 
in which the difference from this set point value acts as the stimulus 
for the sweat producing mechanism. Maintenance of the balance 
between heat input and output can be achieved merely by sensing 
a temperature. However, several observations have made it neces-
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Fig. 1.1. 
Prolonged heavy muscular exercise (8 kcal/min) during nearly 4 h. In the 
last 28.8 min the work load was set higher (10 kcal/min) to demonstrate 
that the sweat producing mechanism is capable of increasing its rate. 
Calorimetrie analysis see Table 4.1. "is": mean skin temperature, not cor­
rected for the systematic error of the measuring device; Jlïgroes: metabolic 
rate; B.W.: body weight; AG': weight loss due to evaporation. 
sary to assume that the set point is reset at a higher value under 
certain conditions. At present fever is recognised as the result of 
such a set point shift (COOPER et al., 1964; ANDERSEN et al., 1961). 
The rise in internai temperature due to exercise is also explained 
by an elevation of the set point temperature (NIELSEN and NIELSEN, 
1962), although JACKSON and HAMMEL (1963) point out that this 
has never been definitely proven. They investigated hypothalamic 
temperatures in exercising dogs and found no rise in this temperature. 
1.2. PLAN OF INVESTIGATION 
A combination of thermometry and calorimetry means that 
besides the current body temperatures (rectal, skin and mean skin) 
all left hand terms of the heat balance equation, i.e. heat production 
by metabolism, heat loss by evaporation and non-evaporative heat 
exchange must be measured as continuously and directly as 
possible in kcal/min or other units of power. An estimate of the 
amount of heat accumulated in the body during the period of 
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work and heat load and dissipated in the recovery period can be 
made from the algebraic sum of the total amounts of calories 
gained (and/or produced) and lost in each period, provided that 
at the start and the end of each period gains and losses are in 
equilibrium. 
I t is desirable that the subject starts each experiment from as 
nearly as possible identical conditions, and it is imperative for 
the above mentioned estimate of the accumulated heat during the 
period of work and heat load that he reaches a thermal steady 
state prior to the period of work and heat load. 
1.3. EXPERIMENTAL DESIGN 
From the above follows the experimental procedure, namely 
a) a period of sitting in a given climate until all relevant 
physiological variables (rectal and skin temperatures, non-evapo-
rative heat exchange) and responses (metabolism, sweating rate) 
reach a constant level, 
b) a period of exposure to a combination of work and heat 
load until a thermal steady state is reached, 
c) a period of recovery, sitting in the climate as under a), until 
the above mentioned physiological variables and responses return 
to their original levels. 
During the whole procedure rectal and skin temperatures as 
well as air temperatures and humidity are measured at small time 
intervals. During a) and c) weight loss and non-evaporative heat 
exchange are measured continuously and metabolic heat production 
at appropriate times. During b) weight loss is measured at intervals 
and metabolic heat production is measured over a convenient 
period of time. This procedure is repeated starting from several 
initial climatic conditions and with different combinations of work 
and heat load. 
2. S U B J E C T S AND M E T H O D S 
2.1. SUBJECTS 
Two healthy male students served as subjects. Their physical 
characteristics were: 
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age 
b o d y height in m 
b o d y weight in kg 
b o d y surface a r e a 
subject W . K . 
22 years 
1.78 
76.85 s.d. 0.285 ( 1 s t series) 
79.54 s.d. 0.823 (Z™1 scries) 
1.96 m 2 
subject v . T . 
23 years 
1.76 
74.08 s.d. 0.664 
1.90 m 2 
( D U B O I S a n d D U B O I S , 1916) 
Subject W.K. was a medical student who was not specially 
trained for physical exertion. Between the first and second series 
of experiments his body weight increased by approx. 4 kg which 
he gradually lost again during the second series of experiments. 
Subject v.T. was a student in physical education who was, thanks 
to his education, well trained to overcome physical exertion. Both 
subjects were not acclimatised to heat. During the experiments 
they were clad in shorts, socks and gymnasium shoes. They were 
not allowed to drink during this period. 
2.2. SEQUENCE OF THE EXPERIMENTS 
2.2.1. 
To test the plan outlined above a series of experiments was 
carried out with subject W.K. according to the schedule given 
in Fig. 2.1. The exposure times were chosen according to previous 
. — gradient - calorimeter — 
X 
20 
25 
3 0 
35 
3 4 5 
1 3 
5 
M 
13 
9 
16 
β 
6 7.5 
7 И 
15 іг 
10 j 6 
4 г 
metabolic ratel 
(kcal/hiln) 
cl imatic room ι 
1 hour alttVng 1 hour walking - -1 hour s i l t ing 
Fig . 2.1. 
Schedule of t h e first series of exper iments wi th subject W.K., s ta r t ing 
from a n d ending a t a gradient-calorimeter t e m p e r a t u r e of 3 5 е C. T h e figures 
in t h e centra l block d iagram give t h e exper iment n u m b e r s in chronological 
order. 
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experience: preliminary experiments with the gradient calorimeter 
and the "harness" (see 2.3.2.3.) have shown that one hour for the 
first period of sitting was sufficient to reach a balance between 
heat gains and heat losses; three weighing intervals in one hour 
were sufficient to obtain a duplicate determination of weight loss ; 
the duration of the second period of sitting was one hour, mostly 
owing to limitations in available time. The figures in the central 
block diagram represent the experiment numbers in chronological 
order. They alternated light-heavy-light-heavy according to previ-
ous experience using sweating rate as a measure. There was one 
experiment a day and not more than two a week. This series of 
16 determinations gave promising results (see e.g. middle graph 
subject W.K. Fig. 3.27). 
2.2.2. 
A larger series was designed for a second subject v.T. with three 
calorimeter temperatures and 12 combinations of work and heat 
load per calorimeter temperature or 36 experiments in total. The 
sequence of the experiments was randomised by ranking them in 
order of severity and ranking 36 consecutive numbers in a table 
of random numbers. The result is given in Fig. 2.2. This series of 
experiments with the second subject could not be completed due 
to an injury to his foot (not occurring during the experiments). 
After his recovery the remaining available days were so used that, 
as much as possible, the same combinations of work and heat load 
per calorimeter temperature were investigated. 26 experiments in 
total were made on subject v.T. 
2.2.3. 
The first subject completed also two series of experiments 
starting from the two other gradient-calorimeter temperatures. 
The sequence of his experiments was taken from that of the other 
subject, omitting all experiments starting with 35° C. A total of 
40 experiments were made on this subject. His complete schedule 
is given in Fig. 2.3. 
Where necessary a given experimental procedure is abbreviated 
as e.g. 35-7J-20, indicating a gradient-calorimeter temperature of 
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Schedule of the series of experiments designed for subject v.T. The ringed 
experiments were actually carried out. Number of experiments 26. 
35° C, a net metabolic heat production of 7J kcal/min in the 
climatic room at 20° C. 
2.3. MEASUREMENT OF BODY TEMPERATURES 
The same principle was applied throughout: the rectal tempera-
ture was measured with a thermistor and all other body tempera-
tures were measured with copper-constantan thermocouples as 
differences against the rectal temperature, so the reference temper-
ature might change by some degrees. A diflFerence, however, of 
e.g. 10° С with a reference temperature of 36° С gives almost the 
same E.M.F. as a difference of 10° С with 38° С as a reference 
temperature (Handbook of Chemistry and Physics; p. 2717, 1961). 
по 
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Fig. 2.3. 
Schedule of the complete series for subject W.K. Number of experiments 40. 
2.3.1. Rzctal temperature 
The rectal temperature was measured at a distance of 20 cm 
from the sphincter. In the metal tip of the rectal element (11 mm 
diameter) the thermistor, mounted on a high quality co-axial 
cable, and 26 copper-constantan thermojunctions were embedded 
in artificial resin, thus electrically isolated from each other and 
from the subject. Calibration of the thermistor, including the 
extension cable, was carried out with the rectal element placed in 
an oil filled thermos flask mounted in a thermostatically controlled 
oil bath, against a 0.02° С scale division calibrated thermometer. 
The resistance of the thermistor was measured with a 5 decade 
Wheatstone bridge fed by a 1.5 V dry battery with 12 k ß in series, 
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and a Kipp AL2 galvanometer as a zero indicator. The thermometer 
readings, corrected with the emergent stem correction (Handbook 
of Chemistry and Physics; p. 2418, 1961) and the logarithm of the 
resistance showed a slightly curved line in the range of 35° С and 
40° C, but assuming a straight line in this range the error was 
less than 0.01° C. The effect of ageing is a disadvantage in using 
thermistors. Before each series of experiments the calibration was 
repeated. The time constant of the thermistor in this rectal element 
was 2.5 min. 
2.3.2. Skin temperatures and mean skin temperature 
Twenty-four thermojunctions were distributed over the body 
surface as shown in Fig. 2.4. Their distribution and their weighting 
forehead 
chest 
back high 
upper arm 
distribution box 
abdomen 
forearm 
back low 
rectal element 
dorsum hand 
thigh 
50junctions plug 
thermistor plug 
leg 
ankle 
Fig. 2.4. 
Schematic drawing of the "harness", seen from behind, and the distribution 
of the skin thormojunctions. 
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factors were more or less according to HARDY and DUBOIS (1939): 
Table 2.1. With twelve 4 switch-relays the 24 thermal E.M.F.'s 
TABLE 2.1. 
Weighting factors for the skin thermocouples 
Hardy and Du Bois 
head 0.07 
trunk 0.35 
arms 0.14 
hands 0.05 
thighs 0.19 
legs 0.20 
place of thermocouple 
forehead right 
forehead left 
chest right 
chest left 
back high right 
back high left 
abdomen right 
abdomen left 
back low right 
back low left 
right upperarm ventral 
right upperarm dorsal 
left forearm ventral 
left forearm dorsal 
dorsum right hand 
dorsum left hand 
right thigh ventral 
right thigh dorsal 
left thigh ventral 
left thigh dorsal 
right shin 
right calf 
right ankle 
left ankle 
weight, fact. 
0.035 
0.035 
0.04375 
0.04375 
0.04375 
0.04375 
0.04375 
0.04375 
0.04375 
0.04375 
0.04 
0.04 
0.03 
0.03 
0.025 
0.025 
0.0475 
0.0475 
0.0475 
0.0475 
0.065 
0.065 
0.035 
0.035 
point nr. 
recorder 
1 
3 
6 
7 
9 
11 
13 
15 
17 
19 
21 
23 
were either added two by two, mostly from symmetrical parts of 
the body, or presented to a voltage divider and averaged electrically, 
taking into account the weighting factors. A schematic wiring 
diagram of two thermocouples is given in Fig. 2.5. A 24 point 
recorder (1 mV full scale deflection) records the 12 pairs of E.M.F.'s 
once and the mean E.M.F. twice in one cycle (7.2 min). In each 
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Fig. 2.5. 
Schematic wiring diagram of two out of the 24 thermocouples. 
skin element both the copper and constantan wire were soldered 
to multicore plastic covered copper wires. The junctions were 
embedded in artificial resin forming an element of approx. 
0.3 X 1 X 2 cm. These elements were sandwiched between two layers 
of elastic textile band from which the "harness" was made. All 
wires to and from the skin elements ran through plastic tubing 
sewn to the "harness". The resistances of the voltage dividers were 
calculated individually. The sum of the parallel resistances В and 
D (see Fig. 2.5) in all twelve relays should not exceed 500 Ω to 
match the input impedance of the recorder. The individual parallel 
resistances were made of thin copper wire of approx. 20 Ω each 
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and wound on a glass rod. The series resistances A and С in all 
twelve relays were calculated and manufactured accordingly, taking 
into account: 
1) the actual resistance of the parallel resistor: Rp 
2) the internal resistance of the thermocouple, including the 
extension wire; Ri 
3) the fraction of the total body surface area the temperature 
of which the thermocouple is supposed to represent; ρ 
4) a factor 2, since the recorder is printing the individual 
temperature differences on a double scale (two E.M.F.'s 
added). 
τ ¿· Я Р 2« 
i n an equation : = —— . 
4
 Ri + R
v
 + χ 100 
The calibration consists of: 2.3.2.1. : the determination of the 
relation between temperature difference (zl<) and E.M.F. ; 2.3.2.2. : 
testing the validity of the weighted mean temperature difference 
as calculated electrically, and 2.3.2.3. : testing the validity of the 
mean skin temperature as measured with this "harness" and this 
type of skin elements. An evaluation of the validity of one single 
skin temperature will be omitted in this study. 
2.3.2.1. 
All calibrations were carried out with the extension cable in 
position. The skin elements were bundled together as closely as 
possible and put in a container with reasonable thermal isolation 
and standing in a temperature controlled room. The temperature 
in the container was read off from a 0.02° С scale division calibrated 
thermometer. Temperature differences were achieved by varying 
the room temperature and/or the rectal element temperature. 
Readings were taken once a day. The following results were obtained : 
for pairs of individual thermocouples: 
y = 0.1158 -x -0 .02 s.d.diff. = 0.03 
for the electrically calculated average: 
у = 0.1205 -χ -0 .03 
where у = temperature difference {At) 
χ = scale units (£7). 
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The electrical zero was set at £/=1.0. The sensitivity of the 
pairs of thermocouples (1000/100)/(2-0.1158)= 43¿tV/0C, 100 
units = 1 mV) is slightly higher than that of the electrical averager 
(41 ,uV/0C). The ratio is 1.0406. 
2.3.2.2. 
In actual experiments skin temperatures differ regionally, 
specially in cool environments. In Fig. 2.6 a comparison has been 
calculated mean scale deflection- . 
uC.m. 10406 
60 
SO 
40-
30 
го-
to­
to го зо 40 so 60 и
е т и
. 
deflection by electrical mean 
Fig. 2.6. 
Comparison of calculated weighted mean deflection of the recorder with 
observed deflection caused by the electrical mean. The line is not the regression 
line but a line with regression coefficient 1.041 (see 2.З.2.1.). 
made using data from such experiments, between the deflection 
of the recorder caused by the electrical averager (electrical mean) 
and the weighted mean deflection (calculated mean) computed from : 
Í7c.in.= í7i-22>i+í73-"j33 Н-г/гз-З^гз 
where U\ = deflection of point 1 
2pi = twice the weighting factor of point 1 (Table 2.1). 
As an example the values of the highest and the lowest point 
in Fig. 2.6 are given in Table 2.2. The standard deviation of the 
differences is 0.93 scale units, which equals 0.11° С 
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TABLE 2.2 
Figures from which the highest and the lowest point in Fig. 2.6 are calculated 
point 
low 
high 
1 
11.6 
41.2 
3 
10.3 
46.6 
6 
11.8 
50.0 
7 9 
13.8 j 16.7 
47.8 ¡ 53.5 
11 
12.4 
56.5 
eleo. 
mean 
12 
11.2 
66.2 
13 
3.3 
61.2 
15 17 
7.2 15.4 
78.2 i 77.0 
19 
13.1 
69.2 
21 
15.5 
65.8 
23 
9.5 
43.1 
cale. 
mean 
12.4 
57.8 
2.3.2.3. 
Whether any device for measuring skin temperatures is really 
indicating the true skin temperature is a never ending argument, 
as BENZINGER (1959) states. Contrary to his technique of validation 
(which is essentially not more than a check on the zero instead 
of a final settlement of the argument), in this study the non-
evaporative heat exchange has been plotted against the difference 
between air temperature and weighted mean skin temperature of 
the skin thermojunctions. The non-evaporative heat exchange 
was measured with the gradient calorimeter described below. In 
Fig. 2.7 the results of a calibration on three subjects are shown. 
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Fig. 2.7. 
Non-evaporative heat exchange in Watts/m2 of three subjects, plotted against 
the differences between air temperature (<») and mean temperature of the 
thermojunctions ("¿β"). 
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The calibration lines are straight and do not pass through the 
origin. I t is noteworthy that the "harness" measures too high 
temperatures. When the non-evaporative heat exchange is zero 
the difference between air (and wall) temperatures (¿a) and weighted 
mean skin temperature should be zero too. The deviation from the 
zero is constant for each individual subject, as seen from Fig. 2.7. 
Moreover, there is an influence of body size on the mean temper-
ature of the thermojunctions, the error being larger in obese 
subjects. This means that the "harness" has to be calibrated for 
each subject. An explanation why the "harness" is measuring too 
high temperatures is highly speculative as long as model experiments 
are not carried out. For this study the empirical calibration line 
and the subsequent correction constant are sufficient to calculate 
true mean skin temperature. 
2.4. GRADIENT CALORIMETER 
The name of this instrument is erroneous. I t is not a calorimeter 
in the strict sense nor does it measure heat flux over a given isolation 
by measuring the gradient over this isolation. The principle is the 
measurement of the electrical energy required to maintain a chosen 
thermal gradient between inside and outside with and without an 
extra heat source (heat dissipation of the subject) or heat sink 
(heat absorption by the subject). Since no suitable word could be 
found the apparatus will be called gradient calorimeter. The 
apparatus (Fig. 2.8) is a double walled wooden box with inner 
dimensions of 130 X 100 X 90 cm, ventilated with approx. 450 1/min ; 
the air is "stirred" with a second blower, mounted inside. A network 
of 674 thermocouples, connected in series, was mounted over all 
six walls (Fig. 2.9). The soldered junctions protruded in the air, 
except for the floor inside, where they were pressed into the wood. 
From the last thermocouple the return wire ran back to the first 
along the external thermojunctions in order to avoid picking up 
A.C. hum. The box was heated with two electrical heating elements 
(250 W each), mounted in the air stream of the ventilator. One 
heater was connected with a variable transformer mounted on the 
top of the box. I t is set once as required before the experiment 
starts (permanent heat input). The other was fed by a motor driven 
variable transformer. The driving motor was part of a Honeywell-
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Fig. 2.8. 
Gradient calorimeter mounted on the balance. 
o u t e r wall 
inner wall 
Fig. 2.9. 
Schematic wiring diagram of two out of the 674 thermocouples. 
Brown continuous balance system, controlling the thermal gradient 
over the walls of the box. The electrical energy of this heater was 
detected by a thermocouple element, normally used in antenna 
circuits of radio emitters, and recorded on the 24 point recorder 
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six times per cycle (7.2 min). The connecting wires to and from 
the door ran over the hinges in spiral loops. After some training it 
was possible to counteract satisfactorily the disturbing effect of 
opening and closing the door by switching on an extra 500 W 
heating element for some seconds. The gradient calorimeter was 
placed in a room with controlled temperature (range 20-34° C, 
accuracy 0.5° C, reproducibility approx. 1° C). Keeping the room 
temperature and the gradient constant a stable inner temperature 
was obtained to which the subject was exposed. The gradient 
was controlled by comparing the thermal E.M.F. from the network 
of thermocouples with a reference voltage and feeding this voltage 
difference into the Honeywell-Brown chopper amplifier (Fig. 2.10). 
I n order to obtain a stable system the output of the amplifier 
was differentiated with a small D.C. motor on the axis of the trans­
mission between servomotor and variable transformer, acting as 
Ц ] 450l/m;n 
Ал. 
max.W v a r i a b l e 
250 transf. 
1.5V=± 
thermocouple 
element 
Fig. 2.10. 
Schematic diagram of the control mechanism of the thermal gradient. 
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a dynamo, which added its voltage with reversed sign to the input 
signal. In the gradient calorimeter a garden chair was placed with 
plastic cords for the seat and back support. An adjustable head 
support enabled the subject to sit quietly and completely relaxed. 
A small 25 W bulb served for illumination. A respiration valve, 
adjustable for position, hung from the ceiling. Since the ventilator 
made some overpressure in the box sufficient to lift the membranes 
of the valve both inlet and outlet of the valve were connected 
to tubes perforating the ceiling. The subject inspired room air 
instead of calorimeter air and expired into the room or a Douglas 
bag. This heat loss from the system was assumed to be negligible. 
The calibration of the gradient calorimeter included: 
a) the relation between thermal E.M.F. and the temperature 
difference between inside and outside: y=ll.35-x where y in mV, 
χ in 0C. 
b) the relation between temperature and heat input: y = 
0.042·3;+1.2 where y in "С, χ in Watts. The constant represents 
the heat by the illumination. 
Fig. 2.11. 
Record of a dynamic calibration of the gradient calorimeter by applying 
known amounts of electrical energy. When the permanent heat input is 
changed, the variable heat input ehows the aame change with reversed 
sign. These two measurements are also seen in Fig. 2.12. 
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c) the relation between heat input and the deflection of the 
recorder: y = 2.56·χ—1.5, where y in Watts, χ in scale units. 
d) the relation between thermal gradient and deflection of the 
recorder: y = 0.12·χ — 0.12, where y in °C, χ in scale units. 
e) detection of a known extra heat input. A record of such 
an experiment is given in Fig. 2.11. By changing the permanent 
heat input, known from an accurate Watt meter, from one level 
to another, an increase or decrease of the variable heat input 
could be obtained. Deflections to both sides were investigated and 
are presented in Fig. 2.12. A positive sign means a higher permanent 
W a t t s observed. 
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Fig. 2.12. 
Dynamic calibration of the gradient calorimeter. A positive sign means 
a higher permanent heat imput (imitating heat dissipation by the subject), 
a negative sign a lower one (imitating heat absorption by the subject). 
heat input (imitating heat dissipation of the subject), a negative 
sign a lower one (imitating heat absorption by the subject). There 
is a systematic error of 11 %, for which no explanation can be 
given, and a standard deviation of 4.5 Watts for the differences 
from the mean line. This equals 0.06 kcal/min. The gradient 
calorimeter has at least two time constants: 3.4 and 16.2 min. 
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2.5. AMBIENT CONDITIONS 
In this study the subject was exposed successively to two different 
environmental conditions: one while sitting in the gradient calori-
meter and the other in the "climatic room" while walking on the 
treadmill. This "climatic room" is in fact only an air temperature 
controlled room. The accuracy is 0.5° C, the reproducibility still 
worse. 
The following climatic factors are not measured during the 
experiments but have been investigated previously: 
a) Wall temperatures. From preliminary investigations using 
Vernon's globe thermometer it was thought to be safe in assuming 
them equal to air temperatures under the actual experimental 
conditions. 
b) Radiant heat sources such as illumination in both rooms 
and the heating elements in the gradient calorimeter were not 
considered separately since the spatial angles towards the subject 
were such that they had only little effect. 
c) Wind velocity. In preliminary measurements the wind 
velocity was determined with a home made hot junction anemo-
meter which was calibrated while mounted on a 2.5 m long wing, 
rotating around with a known constant velocity in a completely 
closed room. In the gradient calorimeter a mean value of 125 cm/sec 
was observed. In the climatic room a mean velocity of 8 cm/sec 
was measured one meter above the belt of the treadmill. In the 
severest experiments (air temperature 35° C, net heat production 
7£ kcal/min) the air velocity was increased to a mean value of 
83 cm/sec with a blower aspiring room air and directing it towards 
the subject. 
The following ambient factors were measured during the experi-
ments : 
d) Air temperatures were measured with shielded thermometers 
once a cycle (7.2 min). One was mounted behind the observation 
window of the gradient calorimeter and one on the wind generator 
in front of the treadmill. 
e) Humidity is not controlled in the present climatic rooms. 
I t is measured with a lithium-chloride dew-point meter together 
with the air temperatures. Since the experiments were carried out 
during winter time the requirement to keep the water vapour 
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pressure low, in order to facilitate the evaporation of sweat, was 
met without effort. 
f ) Treadmill speed and inclination. The treadmill consisted of 
a motor-driven rubber belt with adjustable speed up to 10 m/sec, 
mounted on a frame which could be tilted around an axis located 
in the middle between the two end-rollers. The rear roller was 
driven with V belts by a pulley the axis of which was in line with 
the axis of the frame. This set-up made it possible to go uphill 
or downhill with the belt always moving in the same direction. 
The maximum inclinations were 15 degrees. A control system 
counteracted the slight increase in speed with time which was 
probably due to the change in temperature of the oil in the hydraulic 
variator. The fluctuations in speed were less than 1 cm/sec in the 
speed ranges used. The inclination was read on a round dial, the 
indicator of which makes one complete revolution for 15 degrees 
inclination, and the scale divisions were 0.02 degrees. Speed and 
inclination were measured with each determination of the metabo­
lism. The desired walking speeds and inclinations were calculated 
once for each subject with BOBBERT'S equation (1960) and main­
tained throughout. 
2.6. METABOLISM 
The metabolic rate was measured with Douglas bags and duplicate 
Haldane analysis. The inspired air was room air which had standard 
composition due to sufficient fresh air supply to both "climatic 
rooms". The volumes of the Douglas bags were measured with a 
calibrated chain-compensated 350 liter Tissot spirometer. The 
efficiency of the Haldane procedure was increased by using three 
apparatus in a row and moving the mercury reservoirs with motor-
driven vertical chains (MUELLER, 1930). For all three apparatus 
the standard deviations of the differences for CO2 and O2 were 
0.02 and 0.03, respectively. 27 consecutive duplicate analyses of 
one sample on two different apparatus give 0.03 and 0.05, re­
spectively. FESTPD; R-Q· a n d Ϋο2 were calculated in the usual way 
(CARPENTER, 1939). The metabolic rate in kcal/min was calculated 
with a slightly modified equation according to W E I R (1949). From 
W E I R ' S deductions the following equation may be obtained for 
the metabolic rate : 
124 J. W. SNELLEN 
3.941-1.106 R 
(1 + 0.082 • p) { l - J i k · (1--R)} 'V*'(F*b-F*oò 
M = metabolic rate in kcal/min 
ρ = fraction of the total heat production due to protein 
combustion 
R = respiratory quotient 
Γ Ε = expiratory minute volume STPD 
^102 = Oxygen fraction in inspired air 
ί
,
Εθ2 = Oxygen fracti011 in expired air. 
The first term on the right side is nearly a constant. W E I R 
introduces a value of 12.5 % for ρ but this value is certainly too 
high during exercise since it is known that protein combustion 
does not increase during exercise (ZUNTZ und SCHUMBURG, 1901). 
By calculating the first term for all combinations of i ï = 1.0, 0.95, 
0.90, 0.85, 0.80 and 0.75 and р = 1 2 . 5 %, 10.0 %, 7.5 %, 5.0 %, 
2.5 % and 0.5 % an average of 5.015 is obtained with a coefficient 
of variance of 3.6 %. The equation used is therefore: 
ϋ ί = Τ
;Γ
Ε·(1·05-5.015·ί ,Εο2)· 
Analysis of the duplicate determinations during sitting in the 
gradient calorimeter and of the quadruple determinations during 
walking revealed a standard deviation of 0.05 and 0.10, respectively. 
When the subject walked uphill the net metabolic rate was calcu­
lated by subtracting the caloric equivalent of the external work 
from the gross metabolic rate (SNELLEN, 1960). 
2.7. W E I G H T LOSS AND SWEATING RATE 
In this study the sweating rate was obtained from weight loss. 
Since the sweating rate is very important in this study every 
precaution was taken to secure that all produced sweat be evapo­
rated as fast as possible: 
1) the subjects were clad to a minimum. Their clothes were 
never soaked with sweat, even at high sweating rates ( > 10 g/min). 
2) the water vapour pressure was low (average 4.7 mmHg). 
3) if necessary the wind velocity was increased during work 
where 
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when it did not interfere with the heat exchange by convection. 
In the gradient calorimeter the wind velocity was always high. 
Both continuous recording of the weight loss and intermettent 
weighing were applied. 
2.7.1. Continuous recording of the weight loss when the subject was 
sitting in the gradient calorimeter 
The gradient calorimeter was mounted on a specially constructed 
1 : 2 balance, as shown in Fig. 2.8. The weight of the gradient 
calorimeter plus the subject was counterbalanced to within 2 kg, 
the remaining 2 kg being indicated on a dial. On the axis of the 
indicator a low-torque potentiometer was mounted which was part 
of a Wheatstone bridge. The recorder and the Wheatstone bridge 
were so adapted to each other that full scale deflection (21 cm) 
was obtained for approx. 200 g. After critical electrical damping 
of the recorder the balance was critically damped with a plunger 
in oil. The connecting wires to and from the gradient calorimeter 
were made of flexible material and as thin as the requirements 
permitted. They hung freely in the air in wide loops. The same 
holds for the corrugated rubber expiration tube. The maximal 
displacement of the plateau was 32 mm but in the actual experiment 
it was not more than 2.4 mm. Two records are shown in Fig. 2.13. 
The accuracy of static absolute weighings was within 5 g. The 
accuracy with which weight losses per minute could be measured 
was determined by analysing the observations during steady state 
conditions. In this study the weight loss per minute was determined 
twice a cycle (7.2 min) by differentiating the obtained curve over 
3.6 min. 13 series of 5 observations, made at the end of one hour's 
sitting in the gradient calorimeter, including three different levels 
of weight losses per minute (mean values 0.5, 2.4, and 4.2 g/min) 
revealed a standard deviation of the differences of 0.14 g/min 
which equals approx. 0.09 kcal/min. 
2.7.2. Intermittent weighing 
During the period of work and heat load the subject's body 
weight was measured four times at 21.6 minutes intervals (3 cycles) 
on a 1:1 balance, accurate to within 2 grams for non-moving 
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Fig. 2.13. 
Two specimens of continuous records of weight loss while the subject sits 
in the gradient calorimeter. Time base 3.6 min intervals. Checks of electrical 
zero and repeated calibrations with 50 g. Left hand part during the first 
period of sitting in the gradient calorimeter, right hand part during the 
recovery period. 
Upper record: subject v.T., experiment 16. Not« the lag of approx. 8min 
before sweating starts again. 
Lower record: subject W.K., experiment 27. 
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objects. In addition, the weight was determined immediately 
before and after the whole experiment. Thus six body-weight 
determinations were obtained, denoted as во, в і , вг, вз, Gn, and 
βδ. For the accuracy of weighing subjects see 3.2.2.2. 
2.7.3. Corrections 
The weight loss due to exchange of respiratory gases was calcu­
lated from the equation: 
AG
ec
 = Yo.¡-(l.91№-B-1.42904) 
where Ав
ее
 = weight loss in g/min due to gas exchange 
1^02 = oxygen consumption in liters/min STPD 
R = respiratory quotient 
1.9769 = weight in grams of one liter CO2 STPD 
1.42904 = weight in grams of one liter O2 STPD 
The weight loss due to evaporation of water in the respiratory 
tract was calculated from the equation: 
AGrt-h-Yva-h-Yvb 
where AG
r
t = weight loss in g/min due to evaporation in the respi­
ratory tract 
J^ E = expiratory minute volume STPD 
P I = inspiratory minute volume STPD ( Ϋχ = F E · — — J 
\ .F1N2 / 
a = water vapour density of the expired air in g/liter dry 
air at expired air temperature 
δ = water vapour density of the inspired air in g/liter dry 
air at dew point temperature 
/1,/2 = conversion factors for STPD to BTPS and ATP, re­
spectively. 
Since the expired air is always fully saturated with water vapour 
factor a is approx. 34 mg/liter (HOUDAS et C O I J N , 1966). 
The heat of vaporisation of one gram sweat has been calculated 
with the equation given by HARDY (1949): 
HV = L + Taye («pa-φι) + 0.1104-To-In (EH)-1 
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where .ffv = heat of vaporisation in cal/g 
L = latent heat of vaporisation 
Tave = average absolute temperature. \(T
e
 + Ta) 
q>2 = entropy of the liquid —vapor at room temperature 
φι = entropy of the liquid + vapor at skin temperature 
To = absolute room temperature 
RH = relative humidity. 
Strictly speaking the heat of vaporisation is different in the 
respiratory tract and on the skin. This difference was neglected. 
The heat loss by evaporation was calculated from the heat of 
vaporisation and the weight loss, corrected for the weight loss 
due to gas exchange, called AG'. Sweating rate was called AG", 
indicating that two corrections were made. 
2.8. STATISTICS 
The statistical techniques applied in this study were all derived 
from a Dutch textbook by H. DE J O N G E (1963). 
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Fig. 2.14. 
Synoptic table of one experiment. 
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2.9. SEQUENCE OF EVENTS IN ONE EXPERIMENT 
Previous day: 1) both climatic rooms set at desired temperature 
2) treadmill speed and inclination set 
3) gradient calorimeter set at desired gradient 
4) breathing valves mounted. 
Experiment day: 1) 24 point recorder set in operation. This 
recorder serves as time base. Each cycle takes 7.2 min. 
2) subject reports to the laboratory at 08.30 
3) Douglas bags rinsed and emptied 
4) subject is dressed in the "harness" 
5) the actual experiment is shown in the synoptic table (Fig. 2.14). 
6) 14.00-16.00 Haldane gas analyses. 
3. E X P E R I M E N T A L R E S U L T S 
3.1. PRESENTATION OF RESULTS 
Only few of the primary data can be used directly (e.g. air and 
dew-point temperatures). Others serve for the computation of 
numerous derived magnitudes (e.g. metabolism, weight losses, 
non-evaporative heat exchange, body temperatures etc.). These 
calculations have been described in Chapter 2. Both groups of data 
represent the basic material which is, even for one subject, much 
too large to be presented as a whole in this paper, but several 
groups of basic data can be combined after further arithmetical 
treatment, which will be discussed below. These combinations 
serve either as evidence for a statement or as cross checks on the 
collected data. The experimental results will be presented in three 
categories : steady state conditions, changes with time and function-
al relations. 
3.2. STEADY STATE CONDITIONS 
3.2.1. At the end of the first period of sitting in the gradient calori-
meter 
3.2.1.1. Reproducibility. During the first hour of sitting in the 
gradient calorimeter the subject should reach a steady state before 
he starts his period of work and heat load. When the results of 
different combinations of work and heat load starting from one 
particular gradient-calorimeter temperature are to be compared, 
it is desirable to have the subject in a condition as nearly identical 
as possible prior to these various working periods. Attempts to reach 
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this goal were reasonably successful. Table 3.1 shows the averages 
and standard deviations of body temperatures, together with those 
of other physical and physiological variables of the subjects. 
TABLE 3.1 
Means and standard deviations of physical and physiological variables observed at the end 
of the first period of sitting in the gradient calorimeter. 
G r a d . 
Calor. 
30° 
35° 
40° 
Subject 
W . K . 
v .T. 
W . K . 
v . T . 
W . K . 
v .T. 
m 
s.d. 
m 
s.d. 
m 
s.d. 
m 
s.d. 
m 
s.d. 
m 
s.d. 
U 
30.0 
1.0 
30.5 
1.0 
35.2 
0.6 
34.9 
0.6 
40.0 
1.8 
40.8 
1.6 
tr 
36.79 
0.15 
36.55 
0.12 
37.03 
0.18 
36.72 
0.08 
36.98 
0.05 
и 
32.66 
0.42 
33.26 
0.48 
34.76 
0.23 
34.97 
0.20 
36.16 
0.42 
36.78 36.55 
0.06 0.43 
M 
1.36 
0.09 
1.60 
0.06 
1.38 
0.07 
1.58 
0.15 
1.43 
0.06 
1.63 
0.06 
Ê + Û 
kcal /min 
- 1 . 0 1 
0.23 
- 0 . 9 5 
0.18 
+ 0.19 
0.16 
+ 0.04 
0.09 
+ 1.43 
0.56 
+ 1.44 
0.57 
/IG'/min 
0.57 
0.27 
1.06 
0.36 
2.35 
0.30 
2.57 
0.35 
4.15 
0.55 
4.92 
0.73 
Ö ! 
79.700 
0.725 
74.613 
0.569 
76.849 
0.285 
74.018 
0.158 
79.384 
0.850 
74.313 
0.643 
ΔΟο-χ 
57 
14 
64 
16 
147 
23 
133 
15 
243 
28 
262 
55 
3.2.1.2. Non-evaporative heat exchange. The non-evaporative heat 
exchange plotted against the temperature difference between air 
and weighted mean temperature of the thermojunctions of the 
"harness" gives the heat exchange per degree difference (Fig. 3.1) 
for the subjects. Provided that the slope of the lines in Fig. 3.1, 
i.e. the heat exchange per degree difference, is in good agreement 
with data from the literature, the individually different distance 
from zero on the abscissa may be regarded as an expression of the 
error of the "harness" for each subject (see 2.3.2.3.). 
The Stefan-Boltzmann equation (see HARDY, 1949) may be rearranged 
to a linear form, assuming the emissivities to be unity and (TV—Т
в
*)Щ„—fu) 
to be a constant. The latter assumption is safe to within 3 % when (t
w
—ts) 
does not exceed 6° С : 
.β = 5.8·/ιι·Λ •(<„-<„) 
where R = h e a t exchange by radiation in kcal/h 
/n = ratio of the effective radiating surface area to the total body 
surface area 
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NoM-evap h e a t e x c h a n g e 
(Watt) 
160 
Fig. 3.1. 
Non-evaporative heat exchange in Watts of both subjects, plotted against 
the difference between air temperature (<a) and mean temperature of the 
thermojunctions ("ts"). 
A = body surface area in m 2 
tw = mean wall temperature in "С 
te =mean skin temperature in "С. 
From the conclusions drawn by BREBNER et al. (1958) and CLIFFORD 
et cd. (1959) the following equation for the heat exchange by convection 
may be derived: 
C = 0.343-«о-ю*· /c· A-i^-t,) 
where С = heat exchance by convection in kcal/h 
υ =wind velocity in cm/sec 
/c=rat io of effective convective body surface area to the total body 
surface area 
.4 = body surface area in m 2 
<a = a i r temperature in "С 
te = m e a n skin temperature in "C. 
Assuming /R = 0 . 7 5 , /C = 0 . 9 7 (SNELLEN, 1956) and f
w
 = <a, neg­
lecting heat exchange by conduction, introducing the observed data 
for A and ν (W.K. 1.96 m 2, v.T. 1.90 m 2 ; «=125 cm/sec) and 
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converting kcal/h into Watts the following constants are obtained 
by adding both equations: 26 W/°C for W.K. and 25 W/°C for v.T. 
The agreement is so close that it seems justified to conclude that 
the error of the "harness" is 1.15° С for W.K. and 0.60° С for 
the leaner v.T. 
3.2.1.3. Trite mean skin temperature as a function of the air temper­
ature. I t may be seen from Fig. 3.2 that the relation between these 
two temperatures is nearly a straight line and that the leaner v.T. 
has a slightly higher skin temperature than W.K. 
t s CC)-
3 8
Ί 
37· 
36-
35 
34 
33 
зг 
31 
subject WK 
v.T. 
28 30 32 34 36 33 40 42 44 t c 
(°С) 
Fig . 3.2. 
Air t e m p e r a t u r e a n d t r u e m e a n skin t e m p e r a t u r e observed a t t h e end of 
t h e first period of s i tt ing in t h e gradient calorimeter. 
3.2.1.4. Heat balance equation. If at the end of one hour's exposure 
the sum of heat production and the non-evaporative heat exchange, 
both per minute, (^req, after BELDISTG and HATCH, 1955) equals 
the product (Ê) of the corrected weight loss per minute (AG'/min) 
and the heat of vaporisation, it may be assumed that a steady 
state has been achieved for this situation. In Fig. 3.3 it is seen 
that most results fall well within a band of plus or minus 0.6 
kcal/min, i.e. two times the standard deviation of the differences. 
This is the accuracy of the method. Since there is no appreciable 
deviation from the diagonal or line of identity (mean difference 
for W.K. +0.07, for v.T. - 0 . 0 3 ; standard deviations 0.284 and 
0.300, respectively; Student's t test for differences with double-
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tailed probability more than 0.05 and 0.50, respectively), the 
above-mentioned assumption is safe within the accuracy of the 
measurements. 
ECk 
4.0-
3.6-
3.2-
2.6-
2.4-
2.0 
1.6 
1.2 
-
o.a 
0.4 
cal/min) — 
/· 
m / 
'S* 
0 4 
/ 
. / 
'Ζ ¿ 
0£ 
/ 
/ 
/ 
"Zi 
/ 
<. 
% 
· / 
/ 
1.6 
-y 
/ '/ 
/ / ' 
/ . / . · / //У 
•Λ/ 
y^dlagonal 
* / 
. subjeclW.K. 
v.T. 
za 2.4 · га з.г аб 4.0 
г (kcal/mivi) 
Fig. 3.3. 
Heat balance at the end of the first period of sitting in the gradient 
calorimeter. 
3.2.2. At the end of the period of work and heat load 
3.2.2.1. Final rectal temperature as a function of metabolic rate. I t 
is generally accepted that rectal temperature during work is 
largely a function of the metabolic rate and independent of ambient 
conditions over a wide range (NIELSEN and NIELSEN, 1962). I n 
this study one subject, W.K. showed, however, the striking phe­
nomenon that his final rectal temperature was the higher at the 
same metabolic rate the higher the temperature had been in the 
preceding period of sitting in the gradient calorimeter (Fig. 3.4). 
The three regression lines (solid lines) have different regression 
coefficients, but their differences are not significant (analysis of 
covariance). The temperatures at the points where the three re­
gression lines with one common regression coefficient (dotted lines) 
cut the ordinate (a-coefficients) differ, however, highly signifi­
cantly. This is not due to an elevated starting rectal temperature 
(Table 3.1). I t is more likely to be due to the preceding dehydration. 
This relation between the α-coefficients and preceding dehydration 
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Subject W К 
«rend CC 
' g r o s s 
Fig. 3.4. 
Rectal temperature of subject W.K. at the end of the period of work and 
heat load as a function of gross metabolic rate. For analysis of covanance 
see text. 
is shown in the inserted graph. The other subject does not show 
any significant diflerence in the o-coefficients, as shown in Fig. 3.5. 
He obeys the classical concept that the final rectal temperature 
is a function of the metabolic rate only. 
subject v.T. 
ЛВО-
9 
8-
7-
6-
5-
4-
3-
2-
1-
3 7 0 
9-
8-
7-
366-1 ^ 
Χ 0 
(40 0 C ) 
у=0122 χ +36ι57 
ο. sS (30 o C) 
_ > - ^ у = 0 1 3 9 Х + 3 6 3 
^ І ^ д а Г (35°С) 
• ^ ' ^ ^ ^ ^
У = 0 0 8 в Х + 3 6 7 Ь 
г P a r a l l e l regress ion e q u a t i o n 
у = 0 1 1 7 - х + 36 5& 
w starlo^ from grad calor 30° 
35° 
0 . . . 40° 
7 6 9 tO 'kcal/niin 
Hi groââ 
Fig. 3.5. 
Rectal temperature of subject v.T. at the end of the period of work and 
heat load. 
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The reason why rectal temperature is plotted against gross metabolic 
rate instead of net metabolic rate is based on the finding that rectal temper­
ature seems to be independent of mechanical efficiency, as shown in Fig. 3.6. 
Ambient t e m p e r a l u r e 2 0 o C -
t r 
36.5 
.4 
.3 
.2 
.1 
38.0 
.9 
.β 
.7 
.6-
37.5 
.4 
subject T.T. 
Readings taken after 90 m i n walking 
. mechanical eiflclency = 0 % 
• .. .. = 5 % 
• .. = 1 0 % 
• " .. = 1 5 % 
subject A.D. -i subject d.V. 
1 1 1 г 
6 7 3 4 5 6 7 4 5 6 7 8 
kcal/rnln 
Gross m e t a b o l i c heat product ion f r o m Bdbbert ' s e q u a t i o n 
Fig. 3.6. 
Results of an attempt to detect any effect of external work on rectal temper­
ature. Metabolic rate was not measured but estimated using BOBBEBT'S 
equation. 
The subjects walked on the treadmill at different speeds and inclinations 
providing six different levels of metabolic rate per kg body weight with 
values of 0, 0.05, 0.10 and 0.15 for the mechanical efficiency or Ül(0-EK). 
Ü and Ev are expressed in the following equations: 
17=0.02342 Ovsin α 
log E
v
= 1.4272 + 0.004591 ·ν+0.024487·α + 0.0002658·ι>·α 
(BOBBEBT, 1960) 
where Û = external work per minute in kcal/min 
G =body weight in kg 
ν = walking speed in m/min 
α = inclination in degrees 
Ey, = metabolic rate in cal/kg-min. 
Sin α may be regarded to be directly proportional to α between 0 and 6 
degrees. The highest inclination required was 5.05 degrees. Although the 
metabolic rate was not measured, Bobbert's equation for its computation, 
as presented above, seems accurate enough in healthy male subjects (with­
in 10 %) according to the author's experience, to warrant this conclusion. 
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3.2.2.2. Weight losses. Three measurements are made during the 
period of work and heat load, denoted as AG2, AGs and AG4. The 
second and the third measurements are compared in Fig. 3.7 in 
order to ascertain that during the exposure to work and heat load 
the subject has reached a constant sweating rate. The data scatter 
a t random around the diagonal or line of identity (nearly equal 
AG4 
Fig. 3.7. 
Comparison of the second (AO3) and the third (ZIÖ4) measurement of weight 
loss during the period of work and heat load. 
numbers of points above and below the line; a rank correlation 
of 0.06 between the differences of the pairs and their means). The 
mean difference is —0.625 and the standard error of this mean 
is 2.85. The standard deviation of a single average (^AGs + ^AGi) 
estimated from these differences is 8.84. This equals 0.41 g/min. 
I t is therefore admissible to use the average of both determinations. 
The weight losses due to evaporation, AG'/min, and the sweating 
rates, (S.R.) AG"¡min, during the period of work and heat load are 
calculated in the subsequent sections from these averages. 
3.2.2.3. Heat balance equaiion. During the period of work and heat 
load there is no continuous measurement of the non-evaporative 
heat exchange. Nor can it be assumed that the error of the "harness" 
in a moving subject in a completely different air velocity is the 
same as while sitting in the gradient calorimeter. Nevertheless it 
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is possible t o invest igate t h e h e a t ba lance : t h e observed n e t m e t a b o l i c 
h e a t p r o d u c t i o n (ІЙпеО, t h e weight loss d u e t o e v a p o r a t i o n 
(AG'/min) a n d t h e difference between air t e m p e r a t u r e a n d m e a n 
t e m p e r a t u r e of t h e skin t h e r m o j u n c t i o n s (ia — "<
в
" ) a re p l o t t e d in 
one g r a p h w i t h t h e a s s u m p t i o n t h a t a s t e a d y s t a t e has been reached. 
Since t h e metabol ic r a t e shows t h e best reproducibi l i ty i t is used 
s u b j e c t W . K . 
AG' ( g / m ι η ) 
α-coeff 
M « e t s.d. 
іъ: огг 
5 37 0 15 
4 31 огг 
276 0 13 
X+1.85+1.438-Z 
igVit loss d u e t o 
a p o r c t t i o n ( g / m i n ) 
(°C) 
( к с с г і / т і и ) 
12 10 8 2 0 2 t a - i s T O 
-* 1 к- -ι-
Fig. 3.8. 
Subject W.K. Weight loss due to evaporation (¿IC?') plotted against the 
difference between air temperature (is) and mean temperature of the 
thermojunctions ("is"), at four levels of metabolic heat production. For 
the analysis of co variance text. 
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as a p a r a m e t e r in t h e p lot of t h e weight loss against t h e t e m p e r a t u r e 
difference. T h e results are shown in Figs. 3.8 a n d 3.9. F o u r s t ra ight 
lines are o b t a i n e d per subject wi th regression coefficients which 
do n o t differ significantly (analysis of covariance). T h e c o m m o n 
regression coefficient is used t o draw t h e lines shown. This coefficient 
s u b j e c t v.T. 
A G ? ( g / m m ) -
M„
e
t s.d. 
V6') 01?. 
+ 10 97 
494 0.Π 
3 05 0 09 
y=054<;-x+ 657 
y = 0 . 5 4 4 - x + 1 . 8 i + 1.487-z 
w h e r e 
y = w e i g h t l o s s d u e t o 
é v a p o r â t i o n ( g / m i n ) 
x = t a - i i t s " C0G) 
2 = ' М
и е
і
:
 ( k c a l / m i n ) 
J 
12 10 
1 1 I 1 ι 
8 6 4 2 ta-.Wec) 
Fig. 3.9. 
Subject v.T. Weight loss due to evaporation [AG') plotted against the 
difference between air temperature (ia) and mean temperature of the 
thermojunctions ("is"), at four levels of metabolic heat production. For 
the analysis of covariance see text. 
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has the dimension of (g/min)/degree. The values of AG'/min at 
(ta — "<B") = 0 (α-coefficients) plotted against the metabolic rates 
(inserted graph) gives a straight line with a regression coefficient 
with the dimension of (g/min)/(kcal/min). By dividing the first 
coefficient by the second the non-evaporative heat exchange per 
degree temperature difference is obtained (kcal/min)/degree. 
The reciprocal of the second coefficient gives the heat of vaporisation 
(kcal/g). Finally the y-intercept in the inserted graph gives the 
weight loss at ЛаГ = 0 and (t
a
— " i
s
" ) = 0, or, when divided by the 
first coefficient, the error of the "harness" in degrees Celsius. The 
results are shown in Table 3.2. 
T A B L E 3.2 
Coefficients 
error of 
Subject 
W . K . 
v . T . 
for non-evaporative heat exchange, heat of vaporisation, and 
the "harness", obtained from analysis of Figs. 3.8 and 3.9. 
(kcal/mm)/degree 
0.345 
0.366 
kcal/g 
0.695 
0.672 
error " h a r n e s s " 
3.73° С 
3.33° С 
The heat of vaporisation is slightly higher than the average value 
of 0.65 as calculated with Hardy's equation (HABDY, 1949). This 
difference cannot be explained. Either one or more of the data 
have a systematic error due to a possible slight deviation from 
hu'/rnm (from equations)-
14 η 
6 θ 10 12 14 
Δβ'/Wùn (observed) 
F ig . 3.10. 
Comparison of weight losses due to evaporat ion as actual ly observed a n d 
as calculated from the equat ions presented in Figs . 3.8 a n d 3.9. 
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the steady state, or Hardy's equation underestimates the heat of 
vaporisation during walking. If the former is the case then the 
above mentioned assumption of a negligible rate of heat accumu­
lation is incorrect. By inserting all observed data in the obtained 
equations, however, the actual weight loss may be compared with 
that calculated (Fig. 3.10). The agreement is very close and there 
is not the slightest indication that lower values, where the rate 
of heat accumulation may certainly be neglected, are different 
from those where this is questionable. Therefore the assumption 
of the presence of a steady state seems to be permitted. 
3.2.2.4. The true mean skin temperature as a function of the air 
temperature. I t may be seen from Fig. 3.11 that the relation is 
. · 3 Heal/min experiments 
• ° 4.5 „ 
• »
 6 
• о T-S „ 
t e C O • 1 
зг-
30 
28 
2 6 - , τ - , -r , 1 1 1 1 [- ! I I | I , [-
ta(0C) 
t s C O 
subject v.T. β о 
о 
00 
ее 
•Ρ" о 
• о 
о о 
β 
• β 
• * 
β 
20 22 24 26 28 30 32 34 36 
t a ( 0 C ) 
Fig. 3.11. 
Air temperature and true mean skin temperature observed at the end of 
the period of work and heat load. 
subject W.K. 
. f 
3 0 
2 8 
ЭА 
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nearly a straight line. No distinct influence of the work load can 
be detected. The effect of locomotion as such, however, can be 
seen by comparing Figs. 3.11 and 3.2. 
3.2.3. At the end of the recovery period 
3.2.3.1. Heat balance equation. All physiological responses and 
variables more or less return to their original value observed a t 
the end of the first period of sitting, with the exception of the rectal 
temperature and the body weight. Metabolism is usually slightly 
lower (not shown), as is the mean skin temperature (Fig. 3.15). 
Sweating rate may not return to its original value either, not only 
because the subject became so warm during the period of work 
and heat load that at the end of the recovery period he still sweats 
in order to dissipate this excess heat, but also because metabolism 
and/or non-evaporative heat exchange are altered. The same 
technique as applied for Fig. 3.3 is used to investigate whether the 
heat balance again reached a steady state within the "accuracy" 
of the measurements at the end of the recovery period (Fig. 3.12). 
04 08 LZ 1.6 2.0 24 _ 28 32 Эй 4.0 
É r e q(kca l /min) 
Fig. 3.12. 
Heat balance at the end of the recovery period. 
Four experiments fall clearly outside the band of 0.6 kcal/min 
but they do not concern the severest loads (see Fig. 2.2 and 2.3) 
as might be expected. The statistical analysis, however, reveals, 
142 J . W. SNELLEN 
even after omitting these four observations, that Ε
ιε9 and Ê are 
not identical (mean difference for W.K. -0 .106, for v.T. —0.139; 
standard deviations 0.350 and 0.236, respectively; Student's t test 
for differences with double tailed probability smaller than 0.02 
and 0.05, respectively). With the exception of the four observations 
it seems admissible to state that heat balance has been practically 
regained. I t may be unfortunate that the length of the recovery 
period could not be extended beyond one hour. 
3.2.3.2. Elevation of rectal temperature as a function of preceding 
dehydration. The rectal temperature remains elevated as compared 
with its starting level in proportion to the weight loss in the inter-
mediate period. This is shown in Figs. 3.13 and 3.14. Those experi-
subject V.X. 
0 6 
04 
0 2 
0— 
02 
r=075 
' *£> 
і^ 
exp.26_.yr 
• 
>.x=l.U7. γ + 0 . 3 9 2 
^ ^ 0 . 5 0 3 - χ - 0 . 1 2 
ο ог 04 об os io іг и да=<3(-а3(кд) 
Fig. 3.13. 
Subject W.K. The differences in rectal temperature observed at the end 
of the first period of sitting in the gradient calorimeter and the end of the 
recovery period, plotted against the losses of body weight in the same 
time interval. 
subject v.T. 
b!ir 
Х=1.в9б.у+0г45 
7y=OJ2e.x-0.O2 
о о г 04 0 6 as io і.г ы ля^ анЗаСкд) 
Fig. 3.14. 
Subject v.T. The differences in rectal temperature observed at the end of 
the first period of sitting in the gradient calorimeter and the end of the 
recovery period, plotted against the losses in body weight in the same 
time interval. 
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ments which deviated distinctly in Fig. 3.12 are indicated. The 
line of subject W.K. who showed an influence of preceding de­
hydration on his final rectal temperature during the period of 
work and heat load (Fig. 3.4) has a steeper inclination than that 
of the other subject. The rectal temperature of subject v.T. seems 
to be less affected by dehydration. This may account for his failure 
to demonstrate any effect during the period of work and heat 
load. The objection might be raised that rectal temperature has 
not yet returned to its final level since heat balance has not been 
entirely reestablished at the end of the recovery period (3.2.3.1.). 
The probable effect of dehydration, however, is further confirmed 
by another observation (see 3.4.2.) yielding almost the same 
regression coefficients. 
3.3. CHANGES WITH TIME 
Body temperatures were recorded in short (3.6 min) intervals 
throughout each experiment. During the sitting periods body 
weight and non-evaporative heat exchange were recorded con­
tinuously. I t has not been, however, the primary aim of this 
study thoroughly to investigate the transient conditions of changing 
from sitting to walking and vice versa. I t would have been ex­
tremely interesting to make continuous recordings of the decline 
of the sweating rate as quickly as possible after cessation of work, 
but usually it took the subject several minutes to enter the gradient 
calorimeter, connect his "harness" to the recorders, insert the 
mouthpiece of the breathing valve and sit quietly again to set the 
balance into operation. Therefore no recordings could be made 
during this essential period. The same applies to the non-evaporative 
heat exchange. The necessity of readjusting the previous conditions 
in the gradient calorimeter, by replacing the heat lost during 
opening of the door with the extra heating element, caused a 
disturbance lasting several minutes and interfering with accurate 
continuous recordings. Finally not all measuring devices were 
investigated thoroughly for their time constants which might 
interfere with the time constants of the physiological variables 
under study. Therefore this aspect of the results will be reviewed 
only briefly and only for subject W.K. since in his case the experi­
ments were carried out completely according to schedule (Fig. 2.3). 
144 J . W. SNELLEN 
subject W.K. 
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зео 
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e x p e r i m e n t s 
576 yrur. ' 
Fig . 3.15. 
Changes in m e a n skin t e m p e r a t u r e wi th t i m e . Averages of comparable 
exper iments of subject W . K . 
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subject "W.K. 
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c l imat ic r o o m e x p e r i m e n t s 
Fig . 3.16. 
Changes in recta l t e m p e r a t u r e wi th t i m e . Averages of comparable exper iments 
of subject W . K . 
3.3.1. Boày temperatures 
According to Figs. 3.2 and 3.11 the mean skin temperature in 
steady state conditions is only influenced by the ambient tempera-
ture and not affected by metabolic rate. Assuming that this is 
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also the case in transient conditions the mean skin temperatures 
in all experiments carried out in the same ambient conditions have 
been averaged and plotted against time (Fig. 3.15). In subject 
W.K. there is a statistically significant influence of the conditions 
before the period of work and heat load on the final rectal tempera-
ture during this period (Fig. 3.4). Apart from this the rectal temper-
ature is only influenced by the metabolic rate. Assuming that this 
also holds in transient conditions the rectal temperature of all 
experiments with the same metabolic rate and initial conditions 
have been averaged and plotted against time (Fig. 3.16). The 
experiments of subject v.T. do not reveal any essential difference 
but taking the averages of his data is impaired because the experi-
ments on v.T. were not carried out according to schedule. 
3.3.2. Changes in sweating rate 
Only the transition of work to rest has been investigated with 
continuously recording techniques, with the limitations mentioned 
above. I t was not possible to average all readings in any way 
without loss of information. Therefore not all recordings of subject 
W.K. will be presented, but only those with prominent features 
to illustrate the findings. 
Two distinct types of decline in sweating rate were observed. 
3.3.2.1. 
A slow decline is seen under those conditions where ambient 
temperatures during walking and sitting were equal and close to 
the mean skin temperature. Under these conditions the subject 
does not have any appreciable possibility to dissipate heat by 
radiation and convection. 
Four experiments are available with four metabolic rates during 
walking. They are shown in Fig. 3.17. Whereas two curves show 
a smooth decline, two others show a fluctuation in sweating rate. 
An explanation is hazardous since technical imperfections cannot 
be excluded. An analysis of experiment 2 (inserted graph) reveals 
a time constant (1/e) of roughly ten minutes. There are three 
experiments available where metabolic rate is low and where the 
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subject W K. 
13 
Fig. 3.17. 
The fall in sweating rate after exercise. Four observations on subject W.K. 
where non-evaporative heat exchange is small. 
sweating rate is low due to a combination of this low metabolic 
rate with a low ambient temperature. When changing from low 
to high sweating rates, e.g. as required at a high gradient-calori-
meter temperature, the rate of change in sweating rate is slow too 
(Fig. 3.18). Analysis of experiment 28 (inserted graph) reveals a 
time constant of roughly 13 minutes. 
3.3.2.2. 
The fast component was not actually observed but its existence 
was deduced from the slow component. Three experiments with 
large changes in metabolic rates and with high sweating rates 
returning to low levels are available (Fig. 3.19). Here again not 
all curves are smooth. A semilogarithmic plot of the data of experi-
ment 27 shows a more or less straight line for the actually observed 
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Fig. 3.18. 
Changes in sweating rate after exercise. Three observations on subject W.K. 
where sweating rate during exercise was low. 
data (inserted graph) with an estimated time constant of about 
14 min, which is comparable to that of experiments 28 and 2 
mentioned above, but extrapolation from the first measured value 
to the starting point reveals an initial steeper line indicating a 
fast decline at the beginning. The time constant of this initial fast 
component may be estimated to be of the order of a few minutes 
and is in the same order of magnitude as the rate of change of the 
metabolism after cessation of moderate work ( H E N R Y and D E 
MOOR, 1955). 
3.3.3. Accumulation of heat in the body 
The heat balance equation may be applied also over periods of 
time in order to evaluate the heat accumulated in those periode, 
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Subject W K. 
time 
Fig. 3.19. 
The fall in sweating rate after exercise. Three observations on subject W.K. 
where high sweating rates return to low values. 
when it has been demonstrated that at the beginning and at the 
end of this period the rate of heat accumulation is negligible. This 
has been shown to be the case for the initial sitting period, for the 
period of work and heat load, and nearly so for the period of 
recovery (Figs. 3.3, 3.8 and 3.9, 3.12). 
3.3.3.1. Accumulation of heat in the body in the period of work and 
heat load. In Table 3.2 the coefficients for non-evaporative heat 
exchange and the heat of vaporisation wrere presented. These 
factors may be applied to the sum of the differences between air 
and mean skin temperatures and to the total corrected weight loss 
during the exercise period, respectively. 
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Hence : 
ΔΗχ = ifitot + Ж · HVl + ( R + С)ш 
where J/itot =Йпеі multiplied by 64.8 (minutes) 
AGW' = corrected total weight loss during the period of 
work and heat load: AG'z+AG's + AG^ 
ifVl = heat of vaporisation as calculated (Table 3.2) 
(R + C)tot = 3.6· Σ (ta.-t
e
)-coefficient (Table 3.2). 
3.3.3.2. ¿oss of the accumulated heat in the recovery period. In the 
recovery period the heat production by metabolism, the total 
weight loss due to evaporation and a continuous record of the non-
evaporative heat exchange are available. The heat lost in excess 
to the heat produced and/or gained in this period is 
AH2 = MtM+AGb' • HV2 + (R+С)2м 
where Jlf2tot = the total heat produced during the recovery 
period 
AGs' = corrected total weight loss during the recovery 
period 
.ffV2 = heat of vaporisation from Hardy's equation 
(Ii+C)2tot=total non-evaporative heat exchange in the re­
covery period 
Мші was calculated from t h e four d e t e r m i n a t i o n s in t h e recovery period, 
b y mul t ip ly ing t h e observed values b y t h e ñlling t imes of t he Douglas 
bags a n d add ing these figures. The t ime elapsed between the 2ni1 a n d 2ιΛ 
determinat ion was mult ip l ied b y t h e average of these two. T h e h e a t pro­
duct ion in t h e remaining period, between e n d of exercise a n d s t a r t of t h e 
first d e t e r m i n a t i o n , was e s t imated wi th t h e following a s s u m p t i o n s a n d 
simplifications : 
1) t h e oxygen d e b t consists only of t h e a lactacid c o m p o n e n t ( M A B G A R I A 
et al., 1933). T h e t i m e c o n s t a n t for th i s c o m p o n e n t is 1.3 min ( H E N R Y a n d 
D E M O O R , 1955). T h e t i m e t o reach t h e metabol ic r a t e of t h e first determi­
n a t i o n can t h e n be calculated. 
2) t h e decline in metabol ic r a t e in t h e above m e n t i o n e d period m a y 
be regarded as l inear, or, t h e h e a t p r o d u c e d in th i s t i m e equals t h e p r o d u c t 
of th i s t i m e a n d t h e average of t h e working metabol i sm a n d t h a t of t h e 
first d e t e r m i n a t i o n . 
3) t h e still remaining t i m e was mult ipl ied b y t h e metabol ic r a t e of 
t h e first d e t e r m i n a t i o n . 
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There are quite a few objections to be made against this procedure but 
this hardly deserves attention because the heat involved is of minor im-
portance numerically. 
(iï + (7)2toi was calculated as follows: if the number of Watts required 
to maintain the thermal gradient of the calorimeter without subject is 
represented by A (average of 12 readings) and the sum of the number of 
Watte observed in the whole recovery period (16 readings) by 27ΤΓ, then 
the total non-evaporative heat exchange is: 
(іг+<7)2ім=3.6· ( 1 6 4 - ΣΜ) ·0.89· 0.014327 
where (Ä+CJatot in kcal 
3.6 : time interval in minutes between two readings 
0.89 : 11 % correction (see 2.4) 
0.014327: conversion factor (kcal/W) 
3.3.3.3. Comparison of the heed accumulated in the period of work 
and heat load and hst in the recovery period. I t is obvious that 
the calculation of ΔΗι is much less accurate than that of AH^. 
While in the latter all the left hand terms were measured more or 
less continuously, in the former the observed working metabolism 
was multiplied by a large number of minutes, neglecting the 
gradual rise in metabolism at the start, and the non-evaporative 
heat exchange was calculated rather than measured. With these 
restrictions the two determinations show a fair agreement, as shown 
Fig. 3.20. 
Comparison of the heat accumulated in the body during the period of 
work and heat load and the heat lost in excess in the recovery period. 
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in Fig. 3.20 (mean difference for W.K. +2.09 and for v.T. - 1 . 1 3 ; stan-
dard deviations 25.2 and 25.4, respectively; Student's t test for dif-
ferences with double-tailed probability greater than 0.50). The stan-
dard deviation of the differences of both subjects combined is given 
in the figure. Assuming the variance to be entirely due to AHi this 
figure gives a standard deviation of less than 0.5 kcal per minute 
for the sum of the three components of the heat balance. The accura-
cies of two of them are known, (for metabolic rate 0.10 kcal/min (sec-
tion 2.6) and for evaporation heat loss 0.41 g/min (section 3.2.2.2) or 
about 0.27 kcal/min), so that the standard deviation of the third 
component must be about 0.3; (0.5)2-(0.1)2-(0.27)2 = (0.3)2. 
Actually it will be smaller since the assumption that the variance 
is entirely due to AHi is incorrect. The validity of the agreement 
will be discussed in Chapter 4. 
A t r = -0477 Atr = -0.774 
0 2 
0.4 
0.6 
0.6-
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1.4-1 
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Fig. 3.21. 
Subject W.K. Change in mean body temperature calculated from the heat 
lost in excess in the recovery period, as function of the change in mean 
skin temperature and the change in rectal temperature, both observed in 
the recovery period. 
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3.4. FUNCTIONAL RELATIONSHIPS 
3.4.1. Relation between change in mean body temperature and 
changes in rectal and mean skin temperature 
At the end of the recovery period the subject's body weight was 
determined for the sixth time (G5). Dividing the observed heat 
lost in excess in the recovery period (ΔΗ2) by the product of this 
body weight and the specific heat of humans 0.83 (cited from 
BURTON and EDHOLM, 1955), the change in mean body temperature 
may be obtained. This temperature change may be related to the 
changes in rectal and mean skin temperature appearing in the 
same period. Since the change in rectal temperature is largely 
determined by the metabolic rate in the preceding period, the 
experiments with one particular metabolic rate have been pooled 
and the change in mean body temperature is plotted against the 
change in mean skin temperature at one averaged change in rectal 
temperature (Figs. 3.21 and 3.22). Analysis of covariance reveals 
Subject v.T. 
Atove-
AHT 
y=0.104-x-0.489 
2 4 6 8 10 12 
y=0.104-x-05ü2 
0 3 4 6 Ö 10 12 
y±O.I04-x-0.629 
0 2 4 6 θ 10 12 
y=ai04 ·χ-1.01β 
0 2 4 6 β 10 12 
Ate 
a-coeff 
Fig . 3.22. 
Subject v . T . Change in m e a n body t e m p e r a t u r e calculated from t h e h e a t 
lost in excess in t h e recovery period, as a function of t h e change in m e a n 
skin t e m p e r a t u r e a n d t h e change in rectal t e m p e r a t u r e , b o t h observed in 
t h e recovery period. 
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that the four regression coefficients of one subject do not differ 
significantly. Thus one common regression coefficient may be 
calculated for each subject. The lines with this coefficient are 
shown. The y-intercepts where At
s
 is zero differ significantly. They 
indicate the change in mean body temperature due to change in 
rectal temperature only. In a separate graph the α-coefficients are 
plotted against the mean change in rectal temperature. They show 
a fairly linear relationship but the line does not pass through the 
origin. The regression coefficients in the main graphs indicate the 
contribution of the change in mean skin temperature to the change 
in mean body temperature. A surprisingly low percentage of 
approximately 10 % is found in both subjects. A similar small 
contribution was recently reported by STOLWIJK and H A R D Y 
(1966). The contribution of the rectal temperature to the change 
in mean body temperature exceeds 100 %, which is surprising 
since a value of around 90 % was to be expected. The general 
equations for the change in mean body temperature are 
for subject W.K.: Δ Η 2 =0.109·Λ<
β
+ 1.158-ЛЬ-0.31 
0.83 · C?5 
for subject v.T.: ^ g a =0.104-zlíB+ 1.255-zlír-0.16. 0.83 · С?s 
The weighting factors for the change in rectal temperature and 
the negative constants indicate that change in rectal temperature 
does not quantitatively represent a change in internal temperature. 
Application of the same technique using the heat accumulated in 
the period of work and heat load (ΔΗι) and the corresponding 
changes in rectal and mean skin temperature gives the following 
equations : 
for subject W.K.: Δ Η ι = 0.103 · âtB + 0.537 · Δΐ
τ
 + 0.55 
0.83 · GÌ 
for subject v.T.: ΔΗΐ
ΓΙ
 = 0.085·ζ1<8+0.691-ζΚτ + Ο.ΙΘ. 0.83 · GÌ 
The weighting factors for the change in mean skin temperature 
remain almost unaffected. In these analyses of covariance, however, 
the α-coefficients do not differ significantly (not shown). 
From Fig. 3.20 and the discussion in section 3.3.3.3 it may be 
concluded that ΔΗ2 with reversed sign is the best available estimate 
MEAN BODY TEMPERATURE AUD THERMAL SWEATING 1 5 5 
of the heat accumulated in the period of work and heat load. 
Applying AHz instead of Δ Hi to the changes in rectal and mean 
skin temperatures observed in the period of work and heat load 
gives the following equations: 
for subject W.K.: A H 2 = 0.115 · AtB + 0.852 · AtT + 0.40 1
 0.83 · Gt 
for subject v.T.: Δ Η 2 =0.094 ·Αί
Β
 + 0.771 -¿li,.+ 0.26. 
0.83 • GÌ 
In this material the analyses of covariance give insignificant 
differences in the regression coefficients but highly significant 
differences in the α-coefficients. They are shown in Table 3.3, 
TABLE 3.3 
Tentative analysis of the contribution oj the rectal temperature to the mean 
internal temperature 
Subject W.K. 
-"^ groes 
2.78 
4.31 
5.93 
8.66 
o-coeff. 
+ 0.616 
+ 0.868 
+ 0.942 
+ 1.336 
AU 
+ 0.282 
+ 0.466 
+ 0.736 
+ 1.066 
At, 
a-coeff. 
0.46 
0.54 
0.78 
0.80 
Subject v.T. 
& gross 
3.05 
4.94 
6.66 
8.97 
o-coeff. 
+ 0.505 
+ 0.507 
+ 0.666 
+ 1.059 
Air 
+ 0.213 
+ 0.403 
+ 0.677 
+ 0.923 
AU 
a-coeff. 
0.42 
0.80 
1.02 
0.87 
together with the average changes in rectal temperature and the 
average metabolic rate : The results seem to suggest that the rectal 
temperature more nearly approaches the mean internal temperature 
(α-coefficients) at higher metabolic rates. 
3.4.2. Change in rectal temperature during exercise as a function 
of metabolic rate and dehydration 
Subject W.K. shows an effect of preceding dehydration on his 
final rectal temperature during exercise (Fig. 3.4). Both subjects 
show a relation between dehydration and the amount by which 
the rectal temperature remains higher at the end of the recovery 
period than at the end of the first period of sitting (Figs. 3.13 and 
3.14). In order to establish a subdivision of the changes in rectal 
156 J. W. SNELLEN 
temperature into a change due to work and a change due to de­
hydration an analysis of co variance was carried out (Figs. 3.23 
and 3.24). Since a change in rectal temperature is known to be 
subject W.K. 
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Fig. 3.23. 
Subject W.K. Changes in rectal temperature аз a function of dehydration 
and metabolic rate. 
influenced by the metabolic rate the data at one metabolic rate 
were pooled and in these four groups the change in rectal tempera­
ture was plotted against the weight loss during the exercise period 
((?i —04). The analysis revealed that the four regression coefficients 
of one subject do not differ significantly. The lines with the common 
regression coefficient are shown in Figs. 3.23 and 3.24. The y-
intercepts where weight loss is zero (α-coefficients) differ highly 
significantly. On the separate graph these α-coefficients were 
plotted against gross metabolic rate. They show a straight line 
relationship. This linear function indicates the pure effect of 
metabolic rate on rectal temperature. I t is noteworthy that metabolic 
rate rather than net heat production determines the rise in rectal 
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Fig. 3.24. 
Subject v.T. Changes in rectal temperature as a function of dehydration 
and metabolic rate. 
temperature. The lower work loads occurred without inclination 
of the treadmill. Thus in these cases the gross metabolic rate was 
equal to net heat production in the body. At the other two work 
loads there was a certain amount of external work and by conse­
quence the net metabolic heat production was smaller than the 
gross metabolic rate. This finding is in agreement with the results 
in Fig. 3.6, section 3.2.2.1. I t seems to be the answer to JACKSON 
and HAMMEL (1963), quoted in the introduction (section 1.1), 
who doubted that the rise in rectal temperature is caused by a 
set point shift. Both subjects show almost the same proportionality 
constant and both lines originate at a metabolism of approximately 
one kcal/min. The pure effect of dehydration is shown by the 
common regression coefficients. These figures indicating the rise 
in rectal temperature due to dehydration alone are individually 
different, but the coefficients agree reasonably well with those 
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calculated in Figs. 3.13 and 3.14 although they are a little smaller. 
This may be attributed to the inequality of heat gains and losses 
at the end of the recovery period (Fig. 3.12) or in other words 
to the fact that the rectal temperature did not return to the expected 
level. Contrary to other groups of data to which the analysis of 
covariance is applied, in these data the four groups of χ values 
(Gi—Gi) are not equally distributed over the abscissa. This might 
considerably influence the a-coefficients. A multiple regression 
analysis (SNEDECOR, 1950) does not have this disadvantage. For 
subject W.K. the following equation was obtained: 
y = 0.459 •x + 0.097 - z - 0.069 
where y = AtT 
x = AG 
z = M. 
The standard error of the first constant in 0.202, that of the 
second constant 0.02. The agreement of the two equations obtained 
with both statistical techniques is so close that it may be regarded 
safe to apply the analysis of covariance to this material. 
3.4.3. Sweating rate as a function of body temperatures and as a 
function of the change in mean body temperature 
In this section the sweating rate is first plotted as a function of 
rectal and mean skin temperatures, according to the classical 
concept, and secondly as a function of the change in mean body 
temperature as calculated from the heat accumulated in the body 
during the period of work and heat load, according to Hardy's 
concept of a "type of summation of the combined inputs from 
the receptors". 
3.4.3.1. Sweating rate as a function of rectal temperature, at four 
levels of mean skin temperature, all observed at the end of the period 
of work and heat load (Figs. 3.25 and 3.26). The well known in­
crease of sweating rate with increasing rectal temperature may be 
seen at each skin temperature. The lines show inexplicable bends 
within one set of experimental conditions. In subject W.K. the 
effect of the preceding period of sitting in the gradient calorimeter, 
probably the effect of dehydration, may be seen as a shift of the 
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Fig. 3.26. 
Subject W.K. Sweating rate as a function of rectal temperature at four 
different levels of skin temperature. 
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Fig. 3.26. 
Subject v.T. Sweating rate as a function of rectal temperature at four 
different levels of skin temperature. 
line to the right, except in the range of low sweating rate. As 
mentioned before the experiments with v.T. are incomplete. He 
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does not show any sign of an effect of the preceding sitting period 
but the relation between sweating rate and rectal temperature is 
a band rather than a line. In other words the same sweating rate may 
be present at two rectal temperatures differing not less than 0.2-0.30C. 
3.4.3.2. Sweating rate as a function of the change in mean body 
temperature. In Fig. 3.27 the sweating rate, observed at the end 
of the period of work and heat load, is plotted against the change 
in mean body temperature, calculated from the heat lost in excess 
in the recovery period (AH2) divided by 0.83-Gi. Strictly speaking 
this ΔΗ2 is not the heat accumulated in the period of work and 
heat load, but it may be concluded from Fig. 3.20 and the discussion 
in section 3.3.3.3 that it is the best available estimate. Three 
graphs per subject are obtained, one for each gradient-calorimeter 
temperature, or one for each given but unknown initial mean 
body temperature. In subject W.K. the three regression coefficients 
do not differ significantly (analysis of co variance) and the common 
regression coefficient gives three lines (shown in the graphs) with 
^/-intercepts which differ highly significantly. These sweating rates 
without any change in mean body temperature show a fair agree­
ment with the averages of the sweating rates observed at the end 
of the first period of sitting in the gradient calorimeter (indicated 
by crosses on the zero ordinate). Subject W.K. sweats 6.59 g/min 
when his mean body temperature rises I o С above a critical level. 
A multiple regression analysis, using S.R., Аів,
 е
 and calorimeter 
temperatures as variables yields 6.52 g/min with a standard error 
of 0.21. The effect of previous dehydration, as seen in Fig. 3.25, 
cannot be detected, probably due to the division of AH2 by G4: 
a dehydration of 0.85 kg (maximum value observed during the 
period of work and heat load) affects G4 in the denominator by 
less than 2 %. The observations at 40° С gradient-calorimeter 
temperature show a larger scatter than at the other temperatures. 
This is probably due to the larger variation in the air temperature 
(Table 3.1) of the gradient calorimeter. In subject v.T. the three 
regression coefficients do not differ significantly nor do the y-inter-
cepts. The conclusion, however, that v.T. sweats 8.56 g/min for a rise 
of 10C in mean body temperature remains valid. In this material the 
multiple regression analysis yields 8.32 g/min with a standard error of 
0.92. 
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Fig. 3.27. 
Sweating rate as a function of the change in mean body temperature. 
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4. D I S C U S S I O N 
4.1. L IST OF EXPERIMENTAL RESULTS 
The experimental results relevant to the following discussion 
are listed here briefly: 
4.1.1. Derived from thermometry 
4.1.1.1. 
The rectal temperatures at higher work loads (6 and 7¿ kcal/min) 
do not show a steady state (Fig. 3.16). 
4.1.1.2. 
Rectal temperature does not return to its original level, the 
difference being proportional to the weight loss observed during 
the corresponding time interval. One subject, W.K., has a rise 
of half a degree Celsius per kg dehydration, the other, v.T., one 
third of a degree per kg (Figs. 3.13 and 3.14). An estimate of the 
same effect observed in the period of work and heat load reveals 
0.47oC/kg for W.K. and 0.29oC/kg for v.T. (Figs. 3.23 and 3.24). 
4.1.1.3. 
The change in rectal temperature during exercise can be divided 
into a change due to exercise and a change due to dehydration 
(Figs. 3.23 and 3.24). The change due to exercise is nearly the same 
for both subjects (W.K. : 0.097oC/kcal/mm; v.T. : 0.092oC/kcal/min) 
and is proportional to metabolic rate rather than to net metabolic 
heat production. The change due to dehydration is described in 
4.1.1.2. 
4.1.2. Derived from calorimetri/ 
4.1.2.1. 
Both subjects seem to establish a balance between heat gains 
and heat losses at the end of the first two periods of the experiment 
(Figs. 3.3, 3.8 and 3.9) and almost so at the end of the recovery 
period (Fig. 3.12). 
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4.1.2.2. 
The heat accumulated during the period of work and heat load 
seems to be equal to the excess heat lost during the recovery 
period (Fig. 3.20). Thus the more accurate determination of the 
excess heat loss in the recovery may be used as the best available 
estimate of the heat accumulation during the period of work 
and heat load. 
4.1.2.3. 
Sweating rate increases with increase in mean body temperature 
and conversely. For each change in mean body temperature of 
one degree Celsius above a critical level subject W.K. sweats 
6.59 g/min more. Subject v.T. has a higher sensitivity, sweating 
8.56 g/min more for each degree Celsius rise. 
4.1.3. Derived from both thermometry and calorimetry 
4.1.3.1. 
When analysing changes of mean body temperature in terms of 
its components, change in mean skin temperature and change in 
rectal temperature, the part of the mean skin temperature is 
independent of work load and ambient temperature (in the range 
investigated) and is about 10 % for both subjects. The remaining 
part may be expressed as a linear function of the change in rectal 
temperature, but this equation contains an inconsistent weighting 
factor and an inexplicable constant (section З.4.1., Figs. 3.21 and 
3.22). This suggests that a change in rectal temperature is not 
representative for a change in mean internal body temperature. 
4.2. THERMOMETRY VERSUS CALORIMETRY 
4.2.1. Thermal equilibrium 
If no rectal temperature measurements would have been made 
it would have been easy to assume that thermal balance is present 
or almost present at the end of each of the three periods of the 
experiment, because heat gains and heat losses are equal within 
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the accuracy of the measurement (Figs. 3.3, 3.8 and 3.9, 3.12). 
Yet rectal temperature seldom reaches a steady state at the end 
of these periods (Fig. 3.16). However, an estimation of heat storage 
from these temperature changes will provide results lying well 
within the error band of Figs. 3.3 and 3.12, even if the contribution 
of the rectal temperature is exaggerated by assuming an unrealistic 
weighting factor of 100 % and the slight decreases in mean skin 
temperatures (Fig. 3.15) are neglected. A calorimetrical analysis 
of Fig. 1.1, where a continuous rise in rectal temperature is seen, 
is even more surprising. The results are shown in Table 4.1. Each 
TABLE 4.1 
Calorimetrical analysis of Fig. 1.1 
Period 
Mnet 
(A+<?) 
Ê 
ibreq — -û 
AU in "С 
Ah in 0 C 
АЙ kcal/min 
1 
+ 7.51 
+ 1.27 
2 
+ 7.16 
+ 1.61 
- 7 . 5 0 . - 8 . 7 3 
+ 1.28 
+ 0.62 
+ 1.75 
+ 2.11 
+ 0.04 
+ 0.14 
- 0 . 4 7 
+ 0.27 
3 
+ 7.02 
+ 1.67 
- 8 . 6 0 
+ 0.09 
+ 0.16 
- 0 . 4 2 
+ 0.33 
4 
+ 7.04 
+ 1.71 
- 8 . 6 2 
+ 0.13 
+ 0.32 
+ 0.33 
+ 0.94 
5 6 
+ 7.47 
+ 1.69 
- 8 . 2 7 
+ 0.89 
+ 0.15 
+ 0.26 
+ 0.46 
+ 7.20 
+ 1.67 
- 8 . 0 8 
+ 0.79 
+ 0.16 
+ 0.10 
+ 0.45 
7 
+ 7.28 
+ 1.71 
- 7 . 5 9 
+ 1.40 
+ 0.13 
+ 0.10 
+ 0.37 
8 
+ 8.69 
+ 1.64 
- 8 . 1 6 
+ 2.17 
+ 0.46 
+ 0.47 
+ 1.32 
column applies to the corresponding period of 28.8 min. The error 
of the "harness" and the coefficient for the non-evaporative heat 
exchange, as applied to this subject J.V., are averages of those 
obtained from subjects W.K. and v.T. (Table 3.2). The heat 
storage (AH) is calculated from AtT and AtB using the average of 
the first pair of equations obtained in 3.4.1. When only ÈK^ — Ë 
is considered a thermal balance seems to have been obtained in 
periods 2, 3, and 4, which cover nearly l£ hours, after which 
sweating rate starts to fail to meet the requirements. On the other 
hand the heat storage (АЙ) calculated from the change in body 
temperatures shows a positive figure throughout, without any 
distinct sign of disequilibrium after the 4 t h period. This discrepancy 
cannot be explained by incorrectly chosen constants such as error 
of the "harness", coefficient for the non-evaporative heat exchange 
or weighting factors for body temperatures, since other values for 
these constants only affect the numerical value of the figures but 
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not the trend with time. The cardinal question is whether a thermal 
equilibrium exists during the periods 2, 3, and 4, or not. If not, 
it is not clear why the storage is uniform both in quasi-equilibrium 
conditions and definite disequilibrium conditions. If yes, the 
question may be raised why the rectal temperature rises and where 
in the body the temperature drops in proportion. The author 
cannot prosent a satisfactory solution. 
4.2.2. АН\ = ЛНг and rectal temperature remaining higher at the 
end of the recovery period in proportion to the weight loss 
Results 4.1.1.2 and 4.1.2.2 seem to be contradictory. When 
ΔΗ\ calories are absorbed by a mass M\, the temperature win 
rise to a certain level. When the same amount of heat is lost by 
a smaller mass the temperature should fall more than it has risen. 
This is not the case in the actual experiments. Either ΔΗ\ does 
not equal Δ Hz or the change in rectal temperature is not a good 
measure of the change in mean internal body temperature, or both. 
The second alternative is confirmed by result 4.1.З.1., but this 
does not imply that ΔΗ\ and ΔΗ^ are equal. 
4.2.3. 
Summarizing, it can be stated that several results from thermo­
metry and calorimetry are contradictory and several questions 
remain open. When dehydration is moderate the theoretical in­
equality of ΔΗι and ΔΗζ due to loss of body mass cannot be 
demonstrated, since a loss of one kilogram from a total body mass 
of an adult man means a change by less than 2 %. Therefore in 
the experiments presented here ΔΗζ can safely be regarded as the 
best available estimate of the heat accumulated during the period 
of work and heat load. 
4 . 3 . C H A N G E I N R E C T A L T E M P E R A T U R E A N D C H A N G E E N B O D Y 
WEIGHT 
There are two processes which have a marked influence on the 
rectal temperature, metabolism during exercise and dehydration. 
The influence of dehydration on rectal temperature is seen in both 
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subjects when the rectal temperatures at the end of the recovery 
period are considered (Figs. 3.13 and 3.14). The subject with the 
largest influence shows an effect even with small dehydrations, 
ranging from 50 to 250 g (Fig. 3.4). I t might be objected that 
rectal temperature has not yet returned to its initial value, but 
it has been demonstrated from the heat balance returning almost 
to its initial value, that initial conditions have been nearly regained. 
Moreover, the fair agreement of the two determinations of AtrjAG, 
found with different techniques and from data obtained from two 
different periods of the experiment, may also support this con­
clusion. I t is more likely that this elevated temperature will not 
disappear unless the subject restores his lost volume. When he 
does, rectal temperature will drop precipitously (SENAY and 
CHKISTENSEN, 1965). 
4.4. CHANGE IN RECTAL TEMPERATURE AS A MEASURE OF THE 
CHANGE IN MEAN INTERNAL BODY TEMPERATURE 
I t is worthy of note that changes in rectal temperatures can be 
understood in terms of changes in metabolic rate and dehydration 
(result 4.1.1.З.), but that changes in rectal temperature do not 
cover quantitatively changes in internal temperature as calculated 
from changes in mean body temperature (result 4.1.3.1.). I t is 
known that other internal temperatures such as esophageal and 
tympanic temperatures tend to run more or less parallel to the 
rectal temperature, after an initial phase shift, when the subject 
performs physical exercise. The discrepancy between results 4.1.1.3. 
and 4.1.3.1. mentioned above may suggest that changes in rectal 
temperature reflect fairly well the changes in what is usually 
regarded as "internal temperature" (temperature of the aortic 
blood?) but that it does not reflect changes in other internal parts 
of the body such as working muscles (cf. ROBINSON et al., 1965). 
4.5. SWEATING RATE AS A FUNCTION OF THE CHANGE IN MEAN 
BODY TEMPERATURE 
The main objective of this study, namely the attempt to establish 
a functional relationship between the change in mean body temper­
ature and sweating rate, has been achieved as seen from Fig. 3.27. 
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The results support Hardy's view that thermal sweating is elicited 
by a "type of summation of the combined inputs from the receptors 
all over the body surface and in other tissues". In this study a 
representative value has been determined from calorimetrical 
measurements for expressing overall thermal changes in the body 
in terms of a temperature instead of a vague "summation of the 
combined inputs". The change of this mean body temperature 
shows a linear relationship with sweating rate. No sign of "satu-
ration of the control system" (WYNDHAM, 1965) was detected in 
the range investigated (up to approx. 12 g/min). I t is admitted 
that the subjects were not exerted to near maximal sweating rates 
where such a saturation might be expected. The two subjects, of 
whom one was much more used to physical exercise than the other, 
show distinct differences in their signal-response curves. The subject 
with the greatest response (v.T.) does not show a statistically 
significant difference in mean body temperature at different 
gradient-calorimeter temperatures prior to the period of work and 
heat load. (Actually the sweating rates did not differ significantly 
at the points corresponding to zero change in mean body temper-
ature.) This might indicate that, due to the high sensitivity of the 
control system, mean body temperature is maintained at nearly 
the same level, although the subject is exposed to three different 
calorimeter temperatures. 
5. S U M M A R Y 
Thermal sweating is a response to too high body temperatures. The 
current model of the control mechanism of thermal sweating has super-
ficial (skin) temperatures and internal (rectal, esophageal, tympanic) temper-
atures as incoming signals and sweating rate as controlled output. Contro-
versy exists concerning the mode of interaction between superficial and 
internal temperatures. This controversy might be resolved if one could 
obtain some representative body temperature independent of thermometry. 
In this study a change in mean body temperature has been determined 
by measuring calorimetrically the heat accumulated during work and heat 
load and by dividing this amount of heat by the product of body weight 
and specific heat. 
In order to measure the heat accumulated each experiment has three 
periods: first a period of sitting in a gradient calorimeter, then a period 
of work and heat load, and finally a period of recovery in the gradient 
calorimeter again, held at the same temperature as in the first period. 
Each period lasted approximately one hour. The following variables were 
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measured at regular intervals: air and mean skin temperatures, rectal 
temperature, dew point temperature, metabolism and weight loss. In the 
first and third period weight loss and non-evaporative heat exchange were 
recorded continuously. Three calorimeter temperatures and 12 different 
combinations of work and heat load were chosen and experiments were 
carried out in all possible combinations. The humidity was low. 
Two subjects were investigated. At the end of each period an equilibrium 
between heat gains and heat losses seemed to be established. The heat 
accumulated during the period of work and heat load was estimated calori-
metrically and appeared to be equal to the excess heat lost during the 
recovery period, which was also determined calorimetrically. Most variables 
investigated, including sweating rate, returned almost to their original 
values observed at the end of the first period, with the exception of the 
rectal temperature which remained higher in proportion to the dehydration 
in the intermediate period. A constant ratio of 0.5oC/kg and 0.3°C/kg 
respectively was observed in the two subjects. The subject with the highest 
ratio showed a shift upwards of the relation between rectal temperature 
and metabolic rate during exercise, in proportion to the dehydration in 
the preceding period of sitting in the gradient calorimeter. An analysis 
of the change in rectal temperature during exercise into its component 
parts, a change due to dehydration and a change due to exercise, revealed 
a dehydration effect of 0.47oC/kg and 0.29oC/kg respectively. The change 
in rectal temperature due to exercise alone was nearly the same for both 
subjects and turned out to be proportional to metabolic rate rather than 
to net metabolic heat production. 
An analysis of the change in mean body temperature into its component 
parts, change in mean skin temperature and change in rectal temperature, 
revealed a contribution due to the change in skin temperature of approxi-
mately 10 % for both subjects, but the remaining change in mean internal 
temperature was not directly proportional to the change in rectal temper-
ature. A tentative explanation is that changes in rectal temperature reflect, 
with a considerable lag, changes in aortic blood temperature, but not other 
"internar' temperatures such as temperatures in working muscles. 
The sweating rate during exercise was directly proportional to the change 
in mean body temperature, 6.59 g/min per degree centigrade and 8.56 g/min 
per degree centigrade for the two subjects respectively. 
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(Сху)УСхх 
3.243185 
21.28697 
150.0557 
139.7192 
2.451868 
18.06503 
147.4626 
133.1007 
1.874298 
10.52858 
134.2817 
59.1427 
7.5693511 
49.88058 ' 
431.8000 
,328.7035 
0.984582 
-0.55616 
0.3203 
8.553933 
49.32442 
432.1203 
284.4187 
S r = 99.8374 
Sc= 3.2591 
Sb = 103.0965 
S t = 44.6051 
S T = 147.7016 
d.f. 
34 
2 
36 
2 
38 
ffo(I) : . F o = 0 . 6 6 .Fo.95 = 3 . 3 2 
c o m m o n regression coefficient=6.59 
Ho(II) : ^ о = 7.60 ίΌ.»95=6.35 
Fig. 3.5. 
Cxx . . . . 
Cxy . . . . 
Cyy . . . . 
[CxyfjCxx . 
1 
45.7458 
6.3750 
1.0538 
0.8884 
2 
44.7367 
3.9267 
0.4084 
0.3447 
3 
56.5089 
6.9140 
1.0453 
0.8459 
4 6 
146.9914 
17.2157 
2.5075 
2.0163 
t 
0.3464 
—0.0161 
0.0189 
Τ 
147.3378 
17.1996 
2.5264 
2.0078 
Sr =0.4285 
Sc = 0.0627 
£,, = 0.4912 
St =0.0274 
S T = 0 . 5 1 8 5 
d.f. 
20 
2 
22 
2 
24 
Ho(I) : ^ о = 1 . 4 6 .Fo.95 = 3 . 4 9 
c o m m o n regression coefficient = 0.117 
Яо(ІІ) : ^ о = 0 . 6 4 ^0.995 = 6.99 
Fig. 3.9. 
Cxx . . . . 
Сху . . . . 
(Cxy)yCxx . 
1 
37.30 
17.713 
8.6071 
8.4115 
2 
7.97 
5.284 
3.5145 
3.5032 
3 
113.78 
56.230 
28.1769 
27.7888 
4 
79.92 
50.832 
32.8932 
32.3310 
b 
238.97 
130.059 
73.1917 
70.1917 
t 
179.41 
271.201 
435.4458 
Τ 
418.38 
401.260 
508.7375 
384.8405 
S
r
= 1.1572 
S
c
= 1.2501 
5b = 2.4073 
St = 121.3897 
Ì S T = 123.7970 
d.f. 
18 
3 
21 
3 
24 
Яо(І) : ίΌ = 6.48 -FO.95 = 3 . 1 6 
common regression coefficient = 0.544 
ffo(II): Fo= 626.76 ^0.996 = 6.03 
Fig. 3.22. 
Cxx . . . . 
Cxy . . . . 
Cyy . . . . 
(Cxy)*/Cxx . 
1 
12.21 
1.1174 
0.226561 
0.102259 
2 
15.13 
0.5198 
0.068459 
0.017858 
3 
34.11 
4.6254 
0.778133 
0.627216 
4 
29.32 
3.1448 
1.048421 
0.337304 
b 
90.77 
9.4074 
2.121574 
0.974983 
t 
39.87 
9.2350 
2.808777 
Τ 
130.64 
18.6420 
4.930351 
2.660167 
S, = 1.036937 
Sc = 0.109654 
Sb = 1.146591 
Si = 1 . 1 2 3 5 9 3 
S T = 2 . 2 7 0 1 8 4 
d.f. 
18 
3 
21 
3 
24 
Яо(І) :-FO = 0.63 ^о.9а = 3 . 1 6 
common regression coefficient=0.104 
Но(П) : ίΌ = β.50 ^о.995 = 6.03 
Fig. 3.24. 
Cxx . . . . 
Сху . . . . 
(CxyYICxx '. 
1 
0.031062 
0.02242 
0.1696 
0.0162 
2 
0.008017 
0.01098 
0.0521 
0.0150 
3 
0.107997 
0.06882 
0.1361 
0.0438 
4 
0.138027 
—0.01936 
0.2310 
0.0027 
6 
0.285103 
0.08286 
0.5888 
0.0241 
ί 
1.676909 
1.91373 
2.1994 
Τ 
1.962012 
1.99659 
2.7882 
2.0318 
Sr =0.5111 
Sc = 0.0536 
Sb = 0.5647 
St =0.1917 
S T = 0.7564 
d.f. 
18 
3 
21 
3 
24 
Яо(І) : ί Ό = 0.283 ÍYes = 3 . 1 6 
common regression coefficient = 0.291 
Яо(ІІ) : ^ о = 2 . 2 5 ^о.995 = 6.03 
Fig.3.27. Subject v.T. 
1 
ί 
Τ 
Cxx . . . 
Сху . . . 
Cyy . . . 
(Сху)г/Схх 
1.273780 
11.44255 
127.1316 
102.7901 
1.780495 
15.36633 
153.4952 
132.6171 
1.518376 
12.34456 
147.2672 
100.3626 
4.572651 
39.15344 
427.8940 
335.2523 
0.321983 
0.60819 
4.5458 
4.894634 
39.76163 
432.4398 
323.0042 
S r = 92.1242 
S c = 0.5175 
S b = 92.6417 
S i = 16.7939 
S T = 109.4356 
d.f. 
20 
2 
22 
2 
24 
Яо(І) : ^ 0 = 0.056 .Fo.95 = 3 . 4 9 
common regression coeffieient = 8.56 
Яо(ІІ) : ^ 0 = 1.82 í,o.99s = 6.99 
Subject W.K. 
1 2 
Analysis of covariance given in section 3.4.1 
3 4 ò t 
Τ 
Cxx . . . 
Cxy . . . 
Cyy . . . 
(Cxy)2/Cxx 
50.2268 
2.99256 
0.618158 
0.178299 
47.2620 
4.14091 
0.716125 
0.362810 
80.8099 
11.91327 
2.228484 
1.756295 
44.6725 
6.63871 
1.227850 
0.986568 
222.9712 
25.68545 
4.790617 
2.958868 
7.0600 
5.13990 
3.763316 
230.0312 
30.82535 
8.553933 
4.130754 
Sr = 1.506645 
S» =0.325104 
Sb = 1.831749 
St =2.591430 
S T = 4.423179 
d.f. 
32 
3 
35 
3 
38 
Яо(І) : ^ 0 = 2.30 ί Ό ^ = 2 . 9 2 
common regression coefficient = 0.115 
Яо(ІІ) : Fo= 18.347 ^0.995 = 5.24 
Subject v.T. Analysis of со агіапс given in section 3.4.1 
Cxx . . . . 
Cxy . . . . 
Cyy . . . . 
(CxyFICxx . 
1 
15.03 
1.3388 
0.335587 
0.119254 
2 
16.98 
0.5306 
0.068367 
0.016580 
3 
32.62 
4.3957 
0.769847 
0.592341 
4 
39.38 
3.4649 
1.040102 
0.305210 
b 
104.01 
9.7300 
2.213903 
0.910229 
t 
21.10 
6.0953 
2.510118 
Τ 
125.11 
15.8253 
4.724021 
2.001759 
d.f. 
S
r
 = l. 180518 18 Ho(I) : Fo = 0.626 Fa.95 = 3 . 1 6 
Sc = 0.123166 3 
S b = 1.303674 21 common regression coefflcient=0.094 
Si = 1 . 4 1 8 5 8 8 3 
5 τ = 2 . 7 2 2 2 6 2 24 Ho(II) : ίΌ = 7.21 ^0.995 = 6.03 
STELLINGEN 
I 
De veranderingen in de rectale temperatuur weerspiegelen met 
enige vertraging wel de veranderingen in de temperatuur van het 
bloed in de grote arteriën, doch zijn niet representatief voor de 
veranderingen in de gemiddelde interne temperatuur. 
I I 
De onvoorspelbare variabiliteit van de rectale temperatuur bij 
een gezonde proefpersoon onder standaard condities berust ver-
moedelijk op verschillen in hydratietoestand. 
I I I 
Het model van de thermoregulatie bij de mens, zoals aangegeven 
door Benzinger, is onjuist. 
IV 
De „loi des surfaces", of de „wet" dat de stofwisseling onder 
basale condities per eenheid van oppervlak voor grote en kleine 
dieren dezelfde is, berust op een denkfout en is onjuist. 
M. KLEIBKR, The Fire of Life, John Wiley & Sons, 
New York, London (1961). 
V 
De hartfrequentie van de mens vertoont bij een langdurige 
continue zware arbeidsbelasting een zeer nauwe correlatie met de 
rectale temperatuur. 
VI 
Bij het onderzoek naar het mechanisme van de ademhalings-
regulatie dient meer aandacht te worden gegeven aan de adem-
frequentie en de ademdiepte, dan aan het product van die twee. 
VII 
Meetresultaten uit physiologisch en pharmacologisch onderzoek 
bewerke men zodra dit mogelijk is met schattingstechnieken, in 
plaats van met toetsingstechnieken. 
VIII 
De eisen voor het examen in de physiologie aan de academies 
voor lichamelijke opvoeding behoeven herziening. Zij dienen meer 
te worden aangepast aan het karakter van de vakopleiding. 
I X 
De zuurstofopname tijdens lopen op de tredmolen is bij scoliose-
patienten hoger dan wat verwacht mag worden op grond van het 
lichaamsgewicht. Deze verhoging vertoont een correlatie met de 
laterale deviatie van de wervelkolom ten opzichte van het midden 
van het sacrum. 
X 
Gebouwen in Nederland hebben over het algemeen een redelijk 
afweersysteem tegen koude. Zij zijn echter meestal geheel weerloos 
tegen overmatige warmte. 
J . Л . SNELLEN, The optimal climate in depart­
ment atorea, Br. J . Ind. Mod. 19; 165 (1961). 
J . W. SNELLEN, 
Nijmegen 


